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Abstract 
This PhD thesis is concerned with improving the retention of volatiles in the 
manufacture of instant coffee powders. Two processes have been studied in 
depth: spray drying and spray freeze drying. Spray freeze drying consisted of a 
combined spraying and freezing operation, followed by sublimation in a fluidised 
bed under partial vacuum. The aroma quality was measured using headspace-
solid phase micro-extraction (HS-SPME) technique followed by gas 
chromatography coupled with mass spectrometry (GC/MS). Experiments were 
also performed with maltodextrin as the encapsulating matrix for comparison. 
In the spray drying study the effects of feed concentration (20-50 % w/w) and 
outlet drying air temperature (70-120·C) on volatile retention were investigated. 
Instant coffee and maltodextrin (DE 17-20) were used to prepare feed solution 
and were doped with six synthetic compounds which are the major compounds in 
coffee. Of these 2-methylbutanal was found to be produced during spray drying 
coffee (not with maltodextrin) due to a Strecker degradation reaction between 
coffee components. The results for other compounds showed that increased feed 
concentration resulted in an increase of volatile retentions for all outlet 
temperatures. It was also found that retentions with maltodextrin were generally 
higher than those achieved with coffee, and were less dependent on 
temperature. The drying temperature tended to have more effect on the products' 
moisture content, bulk density, morphology and particle size. The dependence of 
retention on feed concentration can be explained by Thijjsen's theory of selective 
diffusion which states that the ratio of diffusivities of volatile compared to water is 
the key parameter governing retention. This ratio dramatically decreases as the 
moisture content is reduced, hence there is an advantage in reducing the 
moisture content to low levels as quickly as possible. However, it appears that a 
better understanding of retention is achieved by considering the temperature of 
the material in relation to the glass transition temperature (Tg). The glass 
transition temperatures and moisture contents of coffee and maltodextrin at 
different water activities were established experimentally, and used to estimate 
the transition state of materials when leaving the spray dryer. The estimated 
outlet particle temperatures of maltodextrin were further below its Tg than for 
coffee which implied maltodextrin entered the glassy state more quickly during 
drying, explaining the better volatile retention compared to coffee. 
In spray freeze drying experiments maltodextrin and coffee powders could be 
successfully produced from a 20% w/w feed solution using a drying temperature 
of -30·C for 2 hours. This is a fraction of the time taken to produce coffee powder 
in a conventional freeze drying process. The resulting spray freeze dried powders 
were found to have a highly porous structure and spherical shape. Only small 
amounts of the volatiles were lost during the spray freezing step and the volatile 
retention of spray frozen particles was not significantly affected by the variation of 
spray freezing temperature. About 50% of average volatiles were lost from the 
product during the vacuum fluidised freeze drying step.· Better retentions were 
found for maltodextrin compared to coffee which can be explained by the 
maltodextrin being further below its Tg than coffee at the start of drying. 
Comparison of the results for 20% w/w feed solutions showed better results for 
spray freeze drying compared to spray drying, although this is not the optimum 
concentration for retention in the spray drying process. 
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Chapter 1 Introduction to the Research 
1.1 Background to food preservation by drying 
Coffee is one of the most universally consumed beverages in the world. Coffee 
drinks are consumed for their pleasing aroma and are prepared by brewing either 
from roasted and ground beans or instant coffee. The aroma of coffee is 
recognised as important to consumers' perception and represents the product 
quality. This aroma can be obtained by a mixture of volatile compounds in coffee 
comprising more than 800 compounds with a variety of functional groups such as 
alcohols, aldehydes, ketones and pyrazines. Nowadays in the manufacturing of 
instant coffee there is aromatisation in the bottling process (Clarke, 2001). This 
process makes a first impression on consumers when they open the coffee jar. 
However, that aroma does not last long because it is not from the coffee powder. 
In general, there are two commercial processes for drying coffee, namely spray 
drying and freeze drying. The latter is the most widely used method of drying 
coffee extracts for producing and maintaining a good coffee aroma in comparison 
to the spray drying method (Grosch, 2001). 
Spray-drying is one of the most important processes used in the drying of liquid 
foods such as dairy products and coffee extracts. Spray-drying involves the 
atomisation of liquid feed into a spray of droplets and contacting the droplets with 
hot air in a drying chamber. The spray is produced by an atomiser, for example a 
two-fluid nozzle, pressure nozzle or rotary atomiser. After leaving the atomiser, 
the spray-droplets come into contact with a stream of hot air in the drying 
chamber, where very rapid drying occurs and a dry powder is produced. The 
droplets of the spray formed by the atomiser usually have diameters of the order 
of 10-200 Ilm, thus exposing a large surface area per unit volume to the drying 
air. The operating conditions and dryer design variables are selected according to 
the drying characteristics of the product and the powder specification (Brennan et 
al., 1990; Masters, 1991). 
An alternative method is freeze-drying, which is based on freezing the material 
followed by sublimation to produce a dried product. Freeze-drying has the 
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advantages of high flavour retention and is able to retain the shape and size of 
the original material (Brennan et al., 1990; Heldman and Hartel, 1997). 
Flavour retention is an important consideration in the selection and design of 
drying processes for food materials. Freeze-drying tends to give a higher quality 
of dried product, in comparison to spray-drying, because for example fewer 
volatiles are lost during the drying process. However, the drying time of frozen 
products is much longer than those for spray-drying operations, due to the small 
driving force for mass transfer by sublimation. 
The technique of spray-freeze-drying combines the advantages of spray-drying 
and freeze-drying, and is being developed to improve both the quality of dried 
products and to reduce the time and cost of the drying operation. The spray-
freeze-drying process uses spray-freezing to produce small droplets of a food 
material; the following freeze-drying operation then removes water by sublimation 
under controlled vacuum pressure conditions. The fact that small drops of frozen 
material can be produced means that the drying times are shorter compared to 
conventional freeze-drying processes, thus improving the economics of the 
process. 
This thesis looks to explore the retention of volatiles in spray drying, freeze drying 
and spray freeze drying process. This work follows on from an excellent 
understanding of volatile retention that was built-up in the 1970s using the 
principle of selective diffusion. However, this understanding is based on 
correlations of diffusivity with moisture content. 
Since the 1990s the concept of the glass transition has become widely 
established and has greatly enriched the understanding of a wide variety of food 
processing operations. The glass transition temperature, Tg is one of the factors 
which characterises the properties of a food product. At a temperature below Tg, 
amorphous materials are in a glassy state, whereas above Tg the material is 
transformed into a rubbery state. In the rubbery state, a variety of physical 
properties are affected; for example there is an increase in molecular movement 
and a decrease in viscosity, which lead to structural changes, such as collapse, 
stickiness, caking and flavour release (Roos, 1995; Roos et al., 1996; Bhandari 
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and Howes, 1999). These structural changes influence the processing and the 
physico-chemical quality of food products, particularly during drying operations. 
The difference between the temperature of a sample and its glass transition 
(T-Tg) is now widely used to correlate the physical properties of foods. The 
variation of glass transition temperature with moisture content provides a means 
by which the variation of diffusion coefficients with moisture content can be 
expressed using a wider definition which includes the effects of the glass 
transition. 
In addition to studying coffee behaviour, a parallel study will also be performed 
with maltodextrin. Maltodextrin is a polysaccharide that consists of glucose units. 
It is produced from the hydrolysis of starch. The degree of starch conversion into 
reducing sugars is indicated by the Dextrose Equivalency value (DE) that affects 
the properties of maltodextrin such as viscosity, solubility and glass transition 
temperature (Roos and Karel, 1991a; Avaltroni et al., 2004; Dokic-Baucal et al., 
2004). Maltodextrin is widely used as a food additive in the food industry. It acts 
as a carrier or bulking agent and for anti-caking and encapsulation of volatiles. It 
is useful for spray drying applications because of the low viscosity at high solid 
contents, good solubility and forming the supporting matrix for the particles 
(Reineccius, 1991; Madene et al., 2006). Choosing an encapsulating material 
with a relatively simple composition may allow useful interpretation when 
comparing with the relatively complex composition of coffee. 
1.2 Research objectives 
The objective of the whole study is to investigate the ability of the spray freeze 
drying process to dry foods in which aroma quality is important and to assess the 
ability of the process to retain volatile aroma compounds for such products. 
These results will be compared with those obtained by other techniques such as 
spray drying. 
The research also has the following aims: 
1. Develop a robust sample preparation method for analysis of aroma 
compounds in foods by using gas chromatography coupled with mass 
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spectrometry (GC/MS). Such a technique is required to quantify the 
amount of aroma retention. 
2.· Investigate different laboratory preparation methods for concentrating 
coffee for use in subsequent drying experiments and determine the 
composition changes of the volatile components during evaporation of 
coffee solution. 
3. Investigate the effect of feed concentration and drying conditions on 
volatile retention in spray drying of coffee and maltodextrin. 
4. Examine the feasibility of producing spray freeze dried powder from coffee 
which has a lower collapse temperature than other materials previously 
dried using the spray freeze drying equipment at Loughborough 
University. 
5. Investigate the effect of operating conditions on volatile retention in spray 
freezing and spray freeze drying of coffee and maltodextrin. 
6. Examine the physical and morphological properties of products which 
have been spray dried, freeze dried and spray freeze dried. 
1.3 Structure of Thesis 
The remaining chapters in this thesis are outlined as follows: 
Chapter 2 presents a review of the general background to drying processes 
related to spray freeze drying process. This includes spray drying and 
conventional freeze drying, as well as the fundamentals of glass transition in 
food, coffee flavour and volatile retention in drying. 
Chapter 3 describes the experimental apparatus used in this research, namely 
the spray drying rig and the spray freeze drying rig. The operating procedures are 
also presented. 
Chapter 4 describes the materials used in this research and the methods used to 
characterise the liquid feeds and powder products. The liquid feeds analysis 
includes viscosity, absolute density and total solid content measurement. Powder 
characterisations include the measurement of moisture content, size analysis, 
scanning electron microscope and bulk density. This chapter also describes the 
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determination of the moisture sorption isotherms and glass transition 
temperatures of coffee and maltodextrin, which are used in the interpretation of 
drying behaviour. 
Chapter 5 is devoted to the development of a robust sample preparation method 
using Headspace Solid Phase Microextraction Technique (HS-SPME) in a 
combination with gas chromatography with mass spectrometry (GC/MS) for 
analysing the aroma of foods. 
Chapter 6 presents the different methods used to concentrate coffee solutions for 
use in subsequent drying experiments. Determination of the composition changes 
of the volatile components during evaporation of coffee solution is also provided. 
Chapter 7 presents the results and discussion of how the feed concentration and 
drying air temperature affect volatile losses in the spray drying experiments using 
(i) coffee and (ii) maltodextrin. 
Chapter 8 is dedicated to an experimental study of spray freeze drying at sub-
atmospheric conditions to produce coffee and maltodextrin powders. Various 
experimental setups were evaluated to improve the reproducibility of the product 
and to optimise the process. A detailed discussion about the volatile loss during 
spray freeze drying is presented, including a comparison with other drying 
methods: spray drying and conventional freeze drying. 
Chapter 9 summarises the results obtained in this research and outlines the 
future work. 
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2.1 Introduction 
This chapter reviews the literature relevant to this thesis and places this research 
in context. It is broadly split into three parts: 
(i) Overview of the different methods used in the drying of liquid based 
foods. 
(ii) Overview of the background material and food science, with specific 
focus on the concepts of the glass transition and selective diffusion. 
(iii) Application of the background material and food science to the 
understanding of drying processes. 
2.2 Drying processes 
2.2.1 Spray drying 
Spray drying is one of the most widely used methods for the dehydration of foods 
(Masters, 1991; Brennan et al., 1990; Fellows, 2000). The spray drying process 
converts a pumpable fluid (a solution of a food material) into a dried powdered 
product, usually with spherical particles. The fluid is first pumped through an 
atomiser device that forms fine droplets with very large surface area to volume 
ratios. These droplets immediately come into contact with a co- or counter-
current flow of hot drying air, resulting in rapid drying, and then the dried 
particulate product is recovered from the air. Spray-drying is thus a rapid process, 
with drying times of the order of 1-20 s, in comparison with other drying 
processes (e.g. freeze drying). The basic components of a spray-drier consist of 
an air heating and circulating system, a spray-forming device, a drying chamber 
and a product recovery system. A typical spray-drier is shown in Figure 2.1. 
Spray-drying is used to dry a wide range of products, including food and dairy 
products, pharmaceutical chemicals, blood plasma, enzymes, detergents, and 
numerous organic and inorganic chemicals. (Masters, 1991; Brennan et al., 1990; 
Fellows, 2000; Heldman and Hartel, 1997; Foust, 1979) 
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Figure 2.1 A typical spray-drying system (Adapted from Brennan et al., 1990) 
As mentioned above, spray-drying involves four process stages (Masters, 1991): 
1) atomisation of spray-droplets 
2) spray-droplets -air mixing 
3) drying of spray-droplets 
4) product recovery 
1) Atomisation of spray-droplets 
This stage involves the formation of small individual droplets by breaking-up the 
liquid feed by the atomiser. Thus there is a need to input energy to generate a 
spray by overcoming surface tension. Three classes of atomisers are commonly 
used in spray-dryers. 
1.1) Two-fluid nozzles 
In a two fluid nozzle, the atomisation is achieved by contacting the liquid feed 
with a pressurized gas stream, as shown in Figure 2.2. The streams of feed liquid 
and atomizing gas are fed separately to the nozzle head. High gas velocities are 
generated within the nozzle. Contact with the liquid occurs at the exit where the 
liquid is broken into a spray or droplets. The mean droplet size decreases as the 
pressure of gas and feed liquid streams to the nozzle increase. Two-fluid nozzles 
are used in low-production rate drying processes and for highly viscous liquid 
feeds. 
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Figure 2.2 The operating principle of the two-fluid nozzle 
1.2) . Pressure nozzle (single-fluid) 
The feed liquid is pumped under pressure to the nozzle, as shown in Fig. 2.3. A 
high velocity jet forms at the nozzle orifice, resulting in cone-shaped patterns that 
finally break into droplets. The droplet size is controlled by the pressure of the 
feed liquid into the nozzle. Single-fluid atomisers are often used in production-
scale drying. 
Figure 2.3 A pressure nozzle 
1.3) Rotary atomisers 
As shown in figure 2.4, the feed liquid is delivered to the centre of a rotating disc 
spinning at a speed of 6,000-20,000 rpm. The feed is accelerated· as it flows 
outwards to the edge of the disc-shaped atomiser, and then leaves the disc and 
breaks into a spray of droplets. The droplet size decreases as the rotational 
speed and disc diameter increases. Rotary atomisers are classified as a low-
pressure system. 
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A, dispenser; B, shaft: C, feed pipe; D, radial channel 
Figure 2.4 A rotary atomiser head 
2) Spray-droplets-air mixing 
After leaving the atomiser, the spray-droplets come into contact with a stream of 
hot air in the drying chamber. If the spray contacts with a co-current flow of hot 
air, the spray and air pass through the dryer in the same direction. This 
arrangement is widely used in most foods due to the thermal sensitivity. 
Alternatively, the spray can be contacted with air in counter-current flow. This 
arrangement presents excellent heat utilization but the driest powder that contact 
with the hottest air stream is subject to heat degradation. When the spray 
contacts with hot air, volatile components (e.g. water) in the droplets evaporate 
rapidly leaving a powder. 
3) Drying of spray-droplets 
Moisture evaporation from spray-droplets involves simultaneous heat and mass 
transfer. Heat is transferred from the hot air to the droplets by convection and 
consumed as latent heat during moisture evaporation. The rate of heat and mass 
transfer depends on temperature, humidity, droplet diameter and the relative 
velocity between the air and the droplets. If these droplets are not sufficiently 
dried when they come in contact with the wall, they stick and deposit on the 
drying chamber wall or stick to other particles to form agglomerated particles. The 
designs of the flow pattern in the drying chamber and air-dispenser are important 
to prevent stickiness and wall deposition problems (Bhandari and Howes, 1999). 
The problem of stickiness during spray drying of products has been related to 
their Tg• During drying product temperature approaches the dry bulb temperature 
-9-
Chapter 2 Literature Review 
of the air. If drying is terminated at temperature above the glass transition 
temperature, the surface of the drying droplets may remain plastic, resulting in 
them sticking on the dryer wall or agglomerating with each other. 
4) Product recovery 
The dried product is collected at the bottom of the drying chamber and is 
removed by a screw conveyor or a pneumatic system. It is usually necessary to 
also recover product from the exhaust air. The methods commonly used to 
separate the product from the exhaust air are cyclone separators, wet scrubbers, 
bag filters and electrostatic precipitators. 
The advantages of spray-drying are the following (Masters, 1991; Fellows, 2000): 
Powder quality remains constant throughout the dryer when drying 
conditions are held constant. 
- Spray-dryer operations are continuous, easy to use and adaptable to full 
automatic control. 
- A wide range of dryer designs are available for both heat-sensitive and 
heat-resistant materials. 
Spray-drying is suitable for pumpable feed material forms. 
The disadvantages of spray-drying are high installation costs, poor thermal 
efficiency, production of waste heat and the handling of the exhausting air at 
saturated or near saturated conditions (Masters, 1991). 
2.2.2 Freeze drying 
Freeze drying is commonly used to dry materials such as foods, pharmaceuticals, 
biological materials and other heat-sensitive products at low temperatures 
(Melior, 1970; Brennan et al., 1990; Heldman and Hartel, 1997; Stapley, 2008). 
The freeze-drying process involves freezing the material and then sublimation of 
the ice crystals from the solid to the vapour phase to produce a dried product. A 
condenser is typically used to achieve very low water partial pressures in the 
freeze dryer equipment surrounding the food. Moisture removal occurs due to the 
gradient in water partial pressure between the ice regions of the food and the 
surface of the food. A vapour pressure versus temperature phase diagram of 
water is shown in Figure 2.5. The process 1--2 represents liquid water 
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evaporation under constant pressure. The process 3->4 represents sUblimation 
that is where liquid ice is converted directly into vapour (Ozilgen, 1998). Freeze-
drying has the advantages of high flavour retention and retaining the shape and 
size of the original material. (Brennan et al., 1990; Heldman and Hartel, 1997) 
C 
Liquid B 
Solid 
e 
" ~ 
... 611 Nfm' 
D Vapour 
O"C 
Temperature 
Figure 2.5 The phase diagram of water. AC: melting line, AD: sublimation line, 
AB: vaporization line. (Adapted from Ozilgen, 1998) 
The stages that a freeze dried product undergoes are: 
1) Freezing 
2) Drying 
3) Storage 
1) Freezing 
Freeze-drying involves the formation of ice crystals and then the sUblimation of 
these crystals. A rapid freezing system is required to form small ice crystals 
which produce a fine porous shape after drying. Typical freezing methods are 
plate freezing, immersion in liquid nitrogen and air-blast freezing (Brennan et al., 
1990). 
In the freezing step, the water in the food product is generally frozen to its 
maximally freeze-concentrated condition, T'g (see Section 2.3.2). At this point the 
maximum phase volume of ice has been formed, and the remaining unfrozen 
material has the minimum possible water content, C'g. Consequently most of the 
water can be removed by direct sublimation of ice. C'g can be used to indicate the 
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time to begin the secondary drying stage (Roos and Karel, 1991 a; Heldman and 
Hartel, 1997). 
2) Drying 
This stage occurs in two steps: the primary and secondary drying stages. The 
primary drying stage is the main drying of water in foods. After the materials are 
frozen, sUblimation of ice crystals is achieved by controlling the vacuum level and 
temperature in the freeze dryer. Heat must be added to supply the enthalpy of 
sublimation, typically by radiant heating and it is necessary to ensure that the 
given heat does not produce ice melting. After the ice has been sublimed out of 
the frozen food, the bound (non-frozen) water is desorbed from the solid. This 
step is called the secondary drying process. While sublimation and desorption 
occur, the product becomes a porous structure. If the temperature of drying 
product is above Tg , the viscosity of the solid material decreases (see Section 
2.3.2) and may not be enough to support the structure and collapse or shrinkage 
occurs. The temperature at which materials initially lose their structure or collapse 
is called the collapse temperature. This phenomenon occurs at around the 
materials T'g temperature. The collapse of structure leads to reduced flavour 
retention and reconstitution characteristics (Bhandari and Howes, 1999). 
3) Storage 
The dried material should be stored in the dry state under controlled conditions 
such as an airtight container that is free of oxygen and water vapour, or an 
opaque container filled with inert dry gas. 
Freeze-drying has advantages over other drying techniques with the high quality 
of final products. In particular, the shape and structure are maintained more 
closely to the original material and the large extent of flavour retention in freeze-
drying. The characteristics of the rehydrated product are similar to those in the 
fresh product. The porosity of the dried product allows a rapid rehydration 
process. Some examples of freeze dried products are instant coffee, meats and 
food ingredients. The major disadvantages of freeze-drying are the energy cost 
and the drying time. The cost of freeze-drying is nearly 5 times that of spray-
drying (Held man and Hartel, 1997). 
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2.2.3 Spray-freeze-drying 
Spray-freeze-drying is a novel method developed for producing pharmaceutical 
and food products and involves spraying the feed solution into liquid nitrogen or 
against a stream of cold air. The frozen droplets formed by this spray-freezing 
step are dried during the following freeze-drying. In the spray-freezing step, the 
concept of spray-drying is applied. Therefore this takes advantages of 
atomisation. Small droplets of liquid are produced with very large surface area for 
freezing. The fine particle size shortens the drying time in the freeze-drying step. 
The fluidised bed is also applied in freeze dryer due to a good heat and mass 
transfer in fluidisation (Leuenberger, 2002; Claussen et al., 2007). 
The technique of atmospheric freeze drying was first developed in the 1950s by 
Meryman (1959). He showed experimentally that sUblimation in freeze drying can 
be obtained without vacuum by facilitating the vapour pressure gradient at the 
drying boundary rather than by the absolute pressure of the system. 
Heldman and Hohner (1974) performed mathematical and experimental studies 
on the atmospheric freeze drying system. They showed that drying rate was 
increased by a decrease in particle size and an increase in surface mass transfer 
coefficient. 
Mumenthaler and Leuenberger (1991) investigated the developed atmospheric 
spray-freeze-drying process with an integrated fluidised bed as an alternative to 
freeze-drying process. The results showed that this technique provided high 
qualities of the dried product included aroma quality and with reduced drying 
times. Due to the small particle sizes produced, drying times of two hours were 
achieved. 
A problem with the atmospheric spray-freeze-drying process, however, is the 
very large quantities of cold dry gas that need to be circulated through the bed. 
One means of reducing the large mass flow rates of dry gas is to apply a partial 
vacuum to the fluidised bed process. For example, operating a process at 0.1 bar 
uses one tenth of the quantity of gas as operating at 1 bar 
(Anandharamakrishnan et al., 2006). Leuenberger et al., (2006) found that 
operating at reduced pressure could reduce drying times to a third of that when 
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performed at atmospheric pressure due to the higher velocities that can be used 
at lower pressure. 
2.3 Food material science overview 
2.3.1 Coffee flavour 
Coffee is one of the most universally consumed beverages in the world. Coffee 
drinks are consumed for their pleasing aroma and are prepared by brewing 
roasted beans; green (unroasted) coffee beans lack the colour and aroma 
characteristics of roasted beans (Meroy, 1968). The aroma of roasted coffee is 
dependent on several factors, including species, provenance and degree of 
roasting. There are two main species of coffee used, Coffea Arabica L. and C. 
Robusta L. (Sivetz and Desrovier, 1979). More than 300 volatile compounds have 
been identified in green coffee and in excess of 850 volatiles in roasted coffee 
(Reineccius, 2006). The mechanisms of formation of coffee aroma during 
roasting are extremely complex and mainly formed by the Maillard reaction, 
degradation of phenolic acids and carotenes and by a reaction starting from 
phenyl alcohol. The Maillard reaction is one of non-enzymatic browning, and 
plays the most important role in flavour development of freshly brewed coffee. 
Chemical components of roasted coffee can be sorted into volatile and non-
volatile substances. The volatile compounds are responsible for the aroma, 
whereas the non-volatiles determine sourness, bitterness and astringency 
(Grosch, 2001; Buffo and Cardelli-Freire, 2004). The principal classes of aroma 
compounds in ground roasted coffee are listed in Table 2.1 
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Table 2.1 Classes of volatile compounds identified in roasted coffee 
Sulphur compounds 
Thiols 
Hydrogen sulphide 
Thiophenes (ester, aldehydes, ketones) 
Thiazoles (alkyl, alcoxy and acetal derivatives) 
Pyrazines 
Pyrazine itself 
Thiol and furfuryl derivatives 
Alkyl derivatives (primarily methyl and dimethyl) 
Pyridines 
Methyl, ethyl, acetyl and vinyl derivatives 
Pyrroles 
Alkyl, acyl and furfuryl derivatives 
Oxazoles 
Furans 
Aldehydes, ketones, esters, alcohols, acids, thiols, sulfides and in 
combination with pyrazines and pyrroles 
Aldehydes and ketones 
Aliphatic and aromatic species 
Phenols 
'From Buffo and Cardelli-Freire, 2004 
The aroma of a coffee brew is different from that of ground coffee, due to a 
change in the concentration of the volatile compounds. The polar volatile 
compounds, e.g. 4-hydroxy-2,5-dimethyl-3(2H)-furanone, are preferentially 
extracted by hot water, whereas, the non-polar ones, e.g. 2-furfurylthiol presents 
in the brewed coffee less than 25% of total in ground coffee. (Grosch, 2001). 
Heat proceSSing also affects the flavour of a brewed coffee. In 2003, Kumazawa 
and Masuda determined the change in the flavour of a coffee drink during heat 
processing by sterilizing a canned coffee drink at 121°C for 10 min and compared 
the odour attributes of the before-heating and after-heating coffee drink. The 
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analysis of the aroma changes by gas chromatography-olfactometry of 
headspace samples showed that 2-furfurylthiol, methional and 3-mercapto-3-
methylbutyl formate decreased, compared with the coffee sample before heat 
treatment. 
Yeretzian et al. (2003) have developed on-line methods for volatile compounds of 
coffee by using proton-transfer-reaction mass-spectrometry. This method links 
observed mass spectral peaks to collateral information of known chemical 
compounds in the headspace of coffee. They concluded that this method is able 
to monitor on-line volatile compounds with a high time resolution (1s) and 
sensitivity (sub-ppb headspace concentrations). 
Identification of aroma compounds 
There are many techniques for isolation and identification of aroma compounds 
that are currently available and many are still being developed. Based on the 
principle of aroma compound isolation, sample preparation methods for GC 
analysis can be grouped into solvent extraction methods, steam distillation 
methods, headspace techniques and sorptive techniques (Da Costa, 2005). 
1) Solvent extraction 
The concept of solvent extraction is the transfer of the aroma compounds from 
the sample to the organic solvent. The selection of the solvent is very important. 
It must have a low boiling point so that it can be easily removed from the extract 
without a significant loss of the sample volatiles and it must be able to extract 
polar and non-polar components. The extract is obtained by mixing and agitating 
a liquid or solid sample with an organic solvent, allowing separation and 
collection of the solvent phase. 
2) Steam distillation methods 
In a simple steam distillation, the sample is dispersed in water and placed in a 
round-bottom flask, which is heated by steam. Vapours are condensed, collected 
and extracted with an organic solvent. 
3) Headspace techniques 
Headspace techniques include static headspace and dynamic headspace. 
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In the static headspace method, the sample is put into a sealed 
headspace vial, left to establish equilibrium and the atmosphere above the 
sample is withdrawn with a gas tight syringe and subsequently injected 
into a GC. 
In the dynamic headspace method, the sample is purged with an inert gas, 
such as nitrogen or helium, which strips aroma compounds from the 
sample. The volatiles in the purge gas must then be trapped from the gas 
stream. The trap containing volatiles can either be washed with the solvent 
or desorbed into the GC by using a thermal desorber. 
4) Sorptive techniques 
Sorptive techniques allow rapid and solventless extraction and pre-concentration 
of aroma compounds. They are based on the partitioning of organic components 
between aqueous or vapour phase and thin polymeric films. Example of these 
techniques is solid phase microextraction (SPME). 
The SPME technique uses a fused silica fibre coated with a polymeric film to 
collect the volatiles from the sample. The fibre is introduced into the headspace 
above the sample or can be immersed in liquid samples. After a fixed sampling 
time, in which volatiles are absorbed on the fibre coating, the fibre is withdrawn 
and desorbed directly into a GC. 
The SPME is the method of choice in the determination of flavours in foods in 
general and coffee in particular (Bicchi et al., 2002; Zambonin et al., 2002). 
2.3.2 Glass transition in food 
In amorphous systems including polymeric substances and also some low 
molecular weight materials including sugars and other carbohydrates, decreasing 
the temperature may result in glass formation. A glass can be considered as an 
amorphous solid material. A glass is formed at non-eqUilibrium conditions, either 
by removing the dispersing medium (such as water), or from rapid cooling to a 
temperature well below its equilibrium crystalline melting temperature (Karel and 
Roos, 1993; Slade and Levine, 1993; Roos, 1995; Roos et al., 1996; Bhandari 
and Howes, 1999). 
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Plasticization by water 
During the transition from the rubbery state to the glassy state, the moisture 
content plays an important role. Water in food often acts as a plasticizer which 
acts to depress the glass transition temperature. Plasticizers increase plasticity 
and flexibility of food polymers as a result of weakening of the intermolecular 
forces existing between molecules. Water itself has a very low glass transition 
temperature of -135°C. The Gordon-Taylor equation (2.1) (Gordon and Taylor, 
1952) is used for determining the effect of water on the glass transition 
temperature of a mixture. It is a general equation that can be applied to many 
other systems (Bhandari and Howes, 1999). 
(2.1) 
where Tg is the glass transition temperature (K) of the mixture, Wf is the mass 
fraction of component i and T9f is the glass transition temperature (K) of 
component i and k is an empirical constant. Roos and Karel (1991a) investigated 
the effect of water on the glass transition temperature of maltodextrin and used 
the Gordon-Taylor equation to predict Tg. The results showed that Tg decreased 
with increasing water content, as illustrated in Figure 2.6. 
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Figure 2.6 State diagram of maltodextrin (Adapted from Roos and Karel, 
1991a) 
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Mechanical properties of a material 
The glass transition is a second-order thermodynamic transition that occurs over 
a narrow temperature range in which an amorphous material changes from a 
very viscous glass to a rubbery, viscous liquid state. It is characterized by the 
glass transition temperature, Tg• The viscosity of glassy state material is greater 
than 1012 Pa s which is capable to support its own weight. When the material 
changes to the rubbery state the viscosity ranges from 106-108 Pa s which is not 
able to support its own weight. Hence, various collapse phenomena and 
. stickiness occur (Bhandari and Howes, 1999; Roos, 1995 and 2007a). 
The mechanical properties of materials such as relaxation time and viscosity are 
related to glass transition by the Williams-Landel-Ferry (WLF) equation (Williams 
et al., 1955), which is a useful tool for estimating rates of physical changes in 
term of T-Tg. When the property is the viscosity, the WLF equation is expressed 
as: 
(2.2) 
where '7 is the viscosity at temperature T, '7g the viscosity at the glass transition 
temperature Tg, and C1 and C2 are constants (Roos et al.,1996; Bhandari and 
Howes, 1999). 
Mechanical changes in materials include stickiness, caking and collapse, 
resulting from a change in structure or viscous flow. Stickiness results from the 
decreasing of viscosity below a critical value, about 107 Pa s (Roos, 1995). The 
main cause of stickiness is plasticizing particle surfaces allowing interparticle 
binding and formation of clusters. Caking. is observed as clumping and reduced 
flow powder particle. The caking mechanism in food powder is plasticization 
caused by water sorption and subsequent interparticle fusion. Collapse occurs 
when materials may not be enough to support the structure, leading to structural 
changes as shown by volumetric shrinkage (Roos et al., 1996). 
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Measurement of Tg by Differential Scanning Calorimetry (DSC) 
As illustrated in the previous section, as the temperature increases above Tg, the 
physical properties of amorphous materials change significantly. The most 
important changes are an increase in free volume, an increase in heat capacity 
(Cp), an increase in the thermal expansion coefficient (a) and dielectric coefficient 
(E) and changes in viscoelastic properties, particularly a decrease in the viscosity 
and the elastic modulus. 
The most common method used to investigate Tg is differential scanning 
calorimetry (DSC) that detects the change in heat capacity over the glass 
transition range. Other useful methods include dynamic mechanical thermal 
analysis (DMTA) that measure the effect of a sinusoidally varying stress on the 
elastic modulus. Molecular mobility and diffusion can be probed by nuclear 
magnetic resonance (NMR) and electron spin resonance spectroscopy (ESR) 
(Roos,2007b). 
Differential scanning calorimetry (DSC) is a thermal analysis technique used to 
measure changes in heat flows associated with material transitions. DSC 
measurements provide both qualitative and quantitative data on endothermic 
(heat absorbing) and exothermic (heat evolving) processes (Hohne et al., 2003). 
DSC instruments can analyse solid and liquid samples by using only a small 
amount of material and can vary temperature over a wide temperature range 
(Rabek, 1980). A sample is placed in an aluminium pan which is sealed using a 
sample pan crimper. In DSC the sample and the reference are heated at the 
programmed heating rate of the fumace, which operates on the information 
received from the sensor measuring the temperature difference between the 
sample and the reference to establish a zero temperature difference. The DSC 
method is schematically presented in Figure 2.7. 
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Figure 2.7 Essential elements of a DSC cell (Adapted from Rabek, 1980) 
The DSC thermogram records the change of the difference in the heat flow rate 
to the sample and to a reference sample as a function of temperature. A typical 
thermogram is shown in Fig. 2.8. In this thermogram the baseline remains 
unchanged only if there is no thermal transition in the sample. The change in heat 
capacity over the glass transition range is indicated by a shift in the baseline, as 
indicated by Tg in Fig. 2.8. Crystallisation and melting show as peaks in the 
exothermic and endothermic directions, respectively. Their respective peak 
temperatures are marked as Tc and T m. Therefore, the DSC thermogram enables 
the determination of the glass transition temperature, crystallisation temperature 
and melting temperature (Gupta, 1997). 
Crystallisation 
~I---
i i---' 
o ' ;: : 
.. ' 
m Glass transition 
:t l/ Tg 
Temperature ( 'C ) 
Figure 2.8 Characteristic of DSC thermogram 
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The gas transition is not a unique temperature, as the study of polystyrene 
system showed that Tg differs with the rate of cooling from the rubbery state to 
the glassy state. The slowly cooled sample seems to have the highest Tg 
(Richardson, 1994). The point selected for Tg determination can affect the value 
of the glass transition temperature. The onset and midpoint temperature for the 
glass transition are usually identified (Roos and Lievonen, 2002). The onset Tg is 
considered as a starting point of a shift in the base line and generally to report. 
However, midpoint Tg is easy to identify because the mid-point glass transition 
temperature is defined as a change in the slope of the curve of heating energy 
and temperature from DSC measurement. 
State diagram 
The state diagram represents the pattern of change in the physical state of food 
systems as a function of concentration and temperature which is important in 
defining their behaviour and storage stability. Figure 2.9 shows a state diagram 
for food materials with the assumptions of constant pressure and neglecting the 
time-dependence (Karel et al., 1993). 
Solution 
~ Tm Equilibrium Ice Formation and ml'ltln~ :::I 
I- T'm 
~ Ice and Rubber 
w Glass 11. 
~ Maximum Ice Formation 
I- T'g 
Ice and Glass 
C'g 
CONCENTRATION (% Solids) 
Figure 2.9 State diagram for food materials (Adapted from Karel et al., 1993) 
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This state diagram shows the Tg curve and isoviscous states about Tg. 
Isoviscosity lines can be used to determine critical viscosities for stickiness, 
collapse or crystallization. The various changes such as ice formation become 
kinetically delayed in the vicinity of Tg. Maximally freeze-concentrated solids with 
a solute concentration of Cg' have Tg at Tg'. Ice melting within a maximally freeze-
concentrated material occurs at T rn' and corresponds to the collapse temperature 
of the materials (Roos and Lievonen, 2002). The equilibrium melting curve shows 
the equilibrium melting point T rn as a function of concentration. 
2.3.3 Sorption isotherm 
The role of water in product can be explained by the concept of water activity. 
The water activity of food product is equal to the relative humidity of surrounding 
water vapour at equilibrium conditions. Water activity is used as an index of water 
availability in food for chemical reactions and microbial growth. The water activity 
and related water content in food materials is characterized by the sorption 
isotherm (Labuza et al., 1976; Chirife and Buera,1995; Okos et al., 2007). 
The sorption isotherm of food material represents the relationship between the 
equilibrium moisture content of material and the relative humidity or water activity 
of the gas surrounding the material. The equilibrium moisture content is the 
moisture content of product in equilibrium with the surrounding relative humidity. 
A typical isotherm offood products is shown in Fig. 2.10. 
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Figure 2.10 Typical sorption isotherm of food products (Adapted from Okos et al., 
2007) 
The curve of isotherm can be divided into 3 regions as shown in Fig.2.10. 
Region A represents the bound water which is unfreezable and not available for 
chemical reaction. 
Region B represents the water which is bound less tightly than the first and 
available for some biochemical reactions. 
Region C represents the free water which is loosely bound to the food material. 
Hysteresis in sorption isotherm describes the difference in the equilibrium 
moisture content between adsorption and desorption, the processes of increasing 
and decreasing moisture content, respectively. 
The sorption isotherm is a fundamental importance in understanding and 
. predicting the properties of food materials and used to establish the state 
diagram in order to determine product stability during storage and to optimise the 
process conditions (Lomauro et al., 1985; Tsami et al., 1990; Oebnath et al., 
2002; da Silva et al., 2006; Sablani et al., 2007; Bouquerand et al., 2008). 
Cepeda et al. (1999) studied isotherm of roasted coffee and roasted coffee with 
sugar for its hygroscopic properties prediction. 
Several sorption models are used to analyse and fit experimental data in foods, 
such as the BET equation, GAB equation, Oswin's equation, Halsey's equation 
and Henderson's equation (Okos et al., 2007). Lomauro et al. (1985) evaluated 
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Halsey, Oswin and GAB equations for some food products. They showed that the 
GAS equation was the best fit for the range of studied products. 
The effect of temperature on sorption isotherm was investigated by many 
researchers. Labuza, Kaanane and Chen (1985) studied the effect of 
temperature on sorption isotherms of fish flour and commeal at 25, 30 and 45°C. 
They showed that the amount of water adsorbed decreases as temperature 
increase. However, the study of Un and co-workers (2005) showed the isotherm 
of milk powders at elevated temperature of 53 - 90°C. The results showed the 
isotherms at different temperatures were identical at aw below 0.5 and slightly 
different at aw above 0.5. 
2.3.4 Selective diffusion 
The data on diffusion coefficients of water and aroma components as a function 
of temperature, pressure and water content are important to calculate heat and 
mass transport in drying of foods (Somben et al., 1973). The concept of selective 
diffusion postulated by Thijssen in the mid-1960s states that diffusion coefficients 
of components (including water) in aqueous solutions strongly increase with the 
water concentration, and the diffusivity of non-water components varies more 
markedly than that of water. This is illustrated for the system of maltodextrin 
solution and coffee extract with a small amount of acetone added (acetone was 
used as a marker to represent some of the volatile components in coffee), as 
shown in Fig. 2.11, where it can be seen that the diffusion coefficients of water 
and acetone decrease dramatically as the water concentration decreases. 
However, the diffusion coefficient of acetone decreases more sharply than the 
diffusion coefficient of water. 
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Figure 2.11 Effect of water concentration on the diffusion coefficients of water 
and acetone in coffee extract and maltodextrin at 25°C (Adapted 
from King, 1990) 
Figure 2.12 shows the importance of this phenomenon that the ratio of the 
diffusion coefficient of acetone to that of water tends to decrease sharply when 
water concentration is decreased. From Fig. 2.12 at water concentrations below 
10% wt, the ratio of diffusion coefficient of acetone to that of water becomes 
small and the system can be considered as being permeable to only water. This 
ratio is called the selective diffusivity (Thijssen, 1971). The selective diffusivity 
strongly depends on temperature and size of aroma molecule as shown in Figs. 
2.13 and 2.14, respectively. 
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Figure 2.12 Effect of water concentration in coffee extract on the ratio of the 
diffusion coefficients of acetone and water at 25°C (Adapted from 
Thijssen, 1971) 
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Figure 2.13 Effect of water concentration in maltodextrin on the ratio of the 
diffusion coefficients of acetone and water (Adapted from Thijssen, 
1971) 
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Figure 2.14 Effect of water concentration in maltodextrin on the ratio of the 
diffusion coefficients of alcohol and water (Adapted from Thijssen, 
1971) 
Thijssen (1971) defined the water concentration below which the selective 
diffusivity becomes lower than 0.01 will be called the critical water concentration. 
The effect of molecular weight of aroma components and temperature on the 
critical water concentration is shown in Fig.2.15. 
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Figure 2.15 Effect of temperature on the critical water concentration for alcohol 
(Adapted from Thijssen, 1971) 
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2.4 Food material science applied to drying 
2.4.1 Particle morphology 
Spray drying process 
Spray drying is one of the most widely used operations to produce powdered 
food and chemical products. Physical properties such as particle size, bulk 
density and f10wability are related to particle morphology. Three morphological 
types of spray dried particle were identified as follows (Walton and Mumford, 
1999a,b; Walton, 2000): 
(1) agglomerate particles in which individual grains of material are bound together 
in one particle. Examples of materials which have an agglomerate structure are 
clay, aluminium oxide, and tungsten carbide. 
(2) skin-forming particles which are like a continuous polymeric hollow particle. 
Skimmed milk, egg and coffee powders represented this type of structure. 
(3) crystalline particles in which several large individual crystal nuclei are bound 
together in a microcrystalline phase, for example, tri-sodium orthophosphate. 
EI-Sayed et al., (1990) studied the particle morphology changes during drying of 
a suspended-drop of 20% w/w solutions of sucrose, maltodextrin, coffee extract 
and skim milk, all with a drying temperature of 200·C. They found that suspended 
drops showed a shrinking sphere in the first period of drying, in the second period 
an inflation followed by deflation of the particle and in the final period a solidified 
morphology. The different materials behave differently in the expansion period 
which affects the final droplet size and morphology. 
Walton and Mumford (1999a) studied the effect of drying air temperature (70·C 
and 200·C) and feed concentration (1%, 15% and 30% w/w) on particle 
morphology of a single droplet of skimmed milk sample. The mechanism of 
particle formation that was proposed is shown in Figure 2.16. They found that a 
hollow particle which collapsed and shrivelled, was formed during drying with the 
particle inflation from bubble nucleation. Particle wall appeared to be thicker with 
an increasing feed concentration (Walton and Mumford, 1999a). During the 
drying stage, the rapid evaporation produces more solute concentrate at the 
droplet surface, leading to a skin or crust formation. The presence of occluded 
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gases in the liquid feed may cause the formation of hollow particles (Goula et 
al. ,2004). 
Walton and Mumford (1999b) have reviewed the effect of process variables on 
spray dried particle morphology. They found that by increasing drying air 
temperature the bulk density decreased because of particle inflation. Bulk density 
was increased when feed concentration was increased. 
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Figure 2.16 The particle formation of skimmed milk single droplet drying 
(Adapted from Walton and Mumford, 1999a) 
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Spray freeze drying process 
The microstructure of spray freeze dried products has been studied by a number 
of researchers, either using single droplet experiments (MacLeod et al.,2006; 
Hindmarsh et al.,2007) or spray freezing experiments (Leuenberger et aI., 2006; 
Wang et al., 2006; Engstrom et al., 2007; Rogers et al., 2008). They showed that 
the spray freeze dried particles have highly porous and spherical shape. 
Macleod et al., (2006) studied the structure of single droplet with 10% and 50% 
w/w of coffee, freezing at a temperature of -15°C with two freezing rates. They 
found that both feed concentration and freezing rate affected the pore size 
particle. Smaller pore sizes structure were obtained from using higher freezing 
rate and higher concentration. 
Leuenberger et al., (2006) showed that the porosity of spray freeze dried 
trehalose was decreased as the initial feed concentration was increased from 
7.5% to 20% w/w. 
Hindmarsh et al., (2007) studied the single drop experiment of the mixture 
solution of sucrose, anhydrous milk fat and whey protein concentrate. They found 
that the freezing rate and the composition of materials affected the surface 
microstructure formation which influence the characteristic of frozen powder such 
as stickiness. 
2.4.2 Volatile retention 
Spray drying is one of the most commonly used process for drying liquid foods. 
Aroma quality is important as it is one of the food characteristics. Aroma changes 
caused by the evaporation of volatile compounds during the drying operation 
lowers the quality of the product. Flavour retention is maximised by choosing 
operating parameters properly (Coumans et al., 1994). Alternatively, freeze 
drying can give excellent retention of volatile aroma components present in 
foods. 
Volatile retention in spray drying process 
Considerable research has been done on aroma retention in drying using both 
theoretical and experimental approaches. The experiments have been done by 
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single-drop study (Menting and Hoogstad, 1967; Sunkel and King, 1993; Hecht 
and King, 2000a) and a real spray dryer practice (Rosenberg et al., 1990; Bassoli 
et al., 1993; Ohtani et al., 1995; Tseng et al., 2000). The retention of volatiles 
during drying processes can be explained by the selective diffusion concept as 
proposed by Thijssen in the mid-1960s (Menting and Hoogstad, 1967; Kerkhof 
and Schoeber, 1974; Kieckbusch and King, 1980; King, 1983; Coumans et al., 
1994; Hecht and King, 2000b). In the drying process, the transport of water and 
of volatile components inside the droplet occurs by molecular diffusion. Thus 
when the surface becomes sufficiently dry, the volatile components are retained 
since the diffusion coefficients of volatile components decrease rapidly however 
the diffusion coefficient of water decreases at a faster rate. In addition during 
drying there is a rapid film formation around the droplet. This film presents as a 
semi-permeable membrane, allowing water to pass through but retaining volatile 
SUbstances (Menting and Hoogstad, 1967; King, 1990). 
To reduce aroma losses during spray-drying, the influences of several process 
variables are discussed (Reineccius, 1988; King, 1990; Coumans et al., 1994). 
- Inlet air temperature. An increase in inlet air temperature results in rapid drying 
that promotes selective diffusion. However, very high air temperature can cause 
expansion of droplets, leading to disintegration of droplets and aroma losses. 
- Addition of thickeners. High viscosity reduces the internal circulations and 
oscillations of droplets, which can improve volatile retention. 
- Atomisation at higher pressure. A higher pressure or centrifugal speed for a 
rotary atomiser can reduce the time for droplet formation. Therefore the exposure 
time of the liquid sheet becomes shorter and aroma retention is improved. 
- The solid concentration in the feed. The diffusion coefficients of aroma 
components are very low at higher solid concentration which tends to improve 
aroma retention. 
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Figure 2.17 Retention of n-propyl acetate as a function of the axial distance 
from the atomiser during spray-drying of coffee extract (inlet air 
temperature, 200·C) (Adapted from King, 1990) 
There is a large amount of experimental evidence linking better volatile retentions 
with higher feed concentrations, as follows. 
Rulkens and Thijssen (1972a) studied the volatile retention of acetone and some 
alcohols (methanol, n-propanol, and n-pentanol) in spray drying of maltodextrin 
(DE 20) using feed concentration of 35-55% w/w and inlet drying air temperature 
in the range of 210-290·C. Their results showed that the volatile retentions 
increased with increasing feed concentration and the highest retentions were 
obtained when the lowest air inlet temperature was used. 
King (1990) found higher retentions in products spray dried from higher feed 
concentrations but that 50% of volatiles were lost almost immediately upon 
atomisation regardless of feed concentration (see Figure 2.17). 
Bassoli et al., (1993) and Ohtani et al., (1995) studied the volatile retention of 
spray dried coffee and found that using the low temperature spray dryer, which 
can be performed at low inlet drying air temperature of 120-140·C, improved the 
aroma loss in drying of coffee when compared to the conventional spray dryer 
which was performed at an inlet drying air temperature of 270·C. They also 
showed that increasing feed concentration from 30% to 43%w/w increased the 
volatile retention in product. 
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Tseng et al., (2000) studied the volatile retention of benzaldehyde, D-limonene 
and pentanol in spray drying of maltodextrin (DE 11-14) with inlet drying air 
temperature of 170-190°C and 20-40% wlw feed concentration. They found that 
the better aroma retention was obtained when increasing solid concentration. 
They also studied the volatile loss during storage at different humidity conditions 
(aw 0.11-0.87). They showed that the volatiles were lost from sample with aw 0.6 
or above, in which over its glass transition temperature. Tg of maltodextrin 20°C is 
corresponding to awof 0.66. 
Volatile retention in the freeze drying process 
The high retention of volatiles in freeze drying processes can also be explained 
by the selective diffusion concept. A freeze drying process can be considered to 
be a two stages process: freezing of the material and then drying by sublimation 
of the ice crystals from the solid state. In the relatively fast freezing stage, ice 
crystals are formed as pure phases surrounded by the residual solution, as 
shown in the lower portion of Fig.2.18. Therefore the dissolved solids content of 
the residual concentrate is quickly increased leading to an increase in the 
selectivity of water transport as opposed to volatile transport, when the 
concentrate matrix is exposed by the retreating ice front (Omatete and King, 
1978; Coumans et al., 1994). 
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() Int.r1lnkeel network of voids, from sublimation 
Figure 2.18 Ice-crystal and concentrate morphology in a partially freeze dried 
liquid food or model solution (Adapted from Omatete and King, 
1978) 
Flink and Karel (1970) proposed the microregion entrapment theory to explain the 
retention of organic volatiles during the freeze drying of carbohydrates. They 
postulated that the microregion structure was formed during freezing step which 
trapped the volatiles inside. As long as it is in the frozen layer, no volatiles can be 
lost. When the passage of the ice interface goes through the microregion, the 
loss of volatiles begins. As the water content is decreased, the degree of 
association between carbohydrate-carbohydrate hydrogen bonding is increased 
until the critical moisture content is reached, the microregion is sealed and the 
volatiles are retained. 
Rulkens and Thijssen (1972b) studied the volatile retention of acetone and 
alcohols (methanol, n-propanol and n-pentanol) in freeze drying slabs of 
maltodextrin. They observed that the volatile retentions were increased with 
increasing molecular size of the volatile components and the retentions were 
independent of the relative volatility. The effect of feed concentrations was 
investigated in the range of 4.8 - 39.0% w/w. The volatile retentions were 
increased with increasing feed concentration. However, above 20% feed 
concentration, the volatile retentions were independent of initial solid contents. 
Niranjan et al., (2002) studied the relation of pressure, temperature, freezing rate, 
initial solid concentration and thickness of the slab, to the volatile retention during 
freeze drying of coffee. They showed that temperature, pressure and initial solid 
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concentration were a positive influence on the volatile retention. Higher initial 
feed concentration increased the volatile retention. However, the retention was 
not affected by the freezing rate. 
2.5 Summary 
The literature review has helped to understand the different aspects affecting the 
mechanism of volatile loss during drying. The research gaps identified relating to 
volatile retention in drying liquid food systems are as follows: 
- There has been no systematic study of the effects of both feed 
composition and outlet air temperature on volatile retention in spray drying. 
- Although the concept of the glass transition is now widely used to explain 
stickiness behaviour in spray drying, there is still relatively little published 
work relating the volatile retention to glass transition effects. 
No studies have been performed on volatile retention in the spray freeze 
drying process. 
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Chapter 3 Experimental Apparatus 
3.1 Introduction 
The fundamentals of spray drying and spray-freeze-drying have been reviewed in 
Chapter 2. This chapter describes the apparatus used for spray drying and spray-
freeze-drying experiments in this research, including the associated 
instrumentation and operating procedures. 
3.2 Spray drying rig 
3.2.1 Spray drying system 
Figure 3.1 shows a flow diagram of the spray drying process. The operation 
consists of the following components: 
(i) A burner and fan - for providing a source of hot air 
(ii) An atomiser - a spray forming device 
(iii) A spray drying chamber 
(iv) A cyclone - for recovering the product particles. 
Peristaltic pump 
Atomising air ---£>'<1-----'------. .---4 0 0 1+-- Liquid feed 
Air --~ Burner r--.c=:J 
Natural gas._-I...._-[>I<:3-_-' 
Spray drying 
Chamber 
Exhaust gas 
Cyclone 
Product collection 
Figure 3.1 Flow diagram of the spray drying operation 
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The spray dryer used for this experiment was a long-form co-current spray dryer 
(Spray Processes, Bedford UK), as shown in Fig . 3.2. The dimensions of the 
dryer are 3.6 m high, 1.2 m in diameter and the cylindrical section is 1.8 m long. 
A two fluid nozzle was used as the atomiser. The atomiser air pressure was set 
at 45 psi (3.10 bar) and the liquid feed was supplied via a Watson-Marlow 510U 
peristaltic pump. Natural gas was used as the heating medium to the inlet air 
which has a typical flow rate of 348.5 kg/h (288.6 m3h-\ 
Burner 
Spray drying 
chamber 
~H-- Cyclone 
Figure 3.2 A co-current spray dryer 
3.2.2 Spray drying operation 
Product 
collection 
To operate the spray dryer the two-fluid nozzle is first connected to the liquid feed 
and the compressed gas lines. The pipeline and cyclone sections are then 
mounted and closed tightly - between runs the spray dryer has to be dismantled 
for cleaning and hence reassembly is frequently required . After cleaning the 
equipment is dried by passing hot air through the chamber. The selected spray 
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drying conditions were first established at a steady state using a feed of distilled 
water for about 5 minutes before switching over to the coffee or maltodextrin feed 
solution. The experimental operating conditions were obtained using four different 
feed concentrations of feed solution (20 , 30, 40 and 50% by mass), which were 
spray dried over a range of four different outlet air temperatures (between 70°C 
and 120°C). The inlet temperature was regulated by controlling the natural gas 
flow rate and the outlet temperature was regulated by adjusting the liquid feed 
flow rate. The dried product was collected at the bottom of the drying chamber via 
a single cyclone with collection bucket. 
Measured quantities 
For each experimental condition, the following variables were measured 
1) Ambient air temperatures and humidities were measured using a digital 
thermo-hygrometer (model RH-83, Omega). 
2) Liquid feed flow rates were measured from the mass of feed change over a 
given time . 
3) Air flow rates were calculated from the average of the inlet gas velocity at 
the entrance of the burner measured by using a rotary vane anemometer 
(Airflow LCA 6000VT, Airflow Developments Ltd , High Wycombe, UK). 
4) The inlet and outlet air temperatures were measured by thermocouples and 
displayed on the control panel. 
3.3 Spray-freeze-drying Rig 
The spray freeze-drying process is a combination of a spray-freezing operation 
followed by sublimation of ice under controlled pressure conditions. The original 
spray freeze-drying rig was constructed by AI-Hakim (2004) and in 2005, the rig 
was moved to the new location by Anandharamakrishnan (2007) in order to be 
reconstructed and improved. The spray freeze-drying rig works separately in two 
parts: a spray-freezing chamber and a vacuum fluidised bed freeze-drying 
system. Figure 3.3 shows the spray-freeze-drying rig used in this research . 
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Figure 3.3 The spray-freeze-drying apparatus 
3.3.1 Spray-freezing system 
Experimental Apparatus 
freezing 
unit 
The right hand chamber in Fig . 3.3 is used for the spray-freeze-drying process in 
a co-current configuration . The spray-freezing system consists of the spray 
freezing chamber, an atomiser, the liquid feed , the freezing gas (N2) supply and 
the product collection box. 
The main control panel is fixed at the spray-freezing chamber, and shows 
measurements of the inlet gas temperature, nozzle body temperature , chamber 
wall temperature and gas outlet temperature. The temperatures were measured 
during the spray freezing operation using 'Type T' thermocouples (supplied by 
RS Components, UK). A flow diagram of a spray freezing unit and its associated 
instrumentation is shown in Fig . 3.4. 
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Spray 
freezing 
Chamber 
collection box 
T,&T2 - temperature of the N 2 gas/liquid supply 
T. 
Experimental Apparatus 
Compressed air 
sv 
N, 
Liquid feed 
T 3 - gas temperature at the spray point inside the chamber 
T 4& T 5 - gas temperature inside the chamber 
T 6 - gas temperature at the outlet 
T N - nozzle body temperature 
T L - Liquid feed temperature 
T w - chamber wall temperature 
P,&P2 - pressure inside the Venturi 
Figure 3.4 Flow diagram of the spray freezing operation and associated 
instrumentation 
Spray-freezing chamber 
The spray-freezing chamber is a cylindrical vessel of 2.01 m height and 0.8 m 
diameter with five removable vertical windows (1 m x 0.1 m). The chamber was 
made of 1 mm thick mild steel sheet and was coated with the malt-black acrylic 
paint inside the vessel. This was to protect the chamber from corrosion and was 
a safety feature to absorb light from previous PDA (Phase Doppler Anemometry) 
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laser measurements of particle sizes and velocities (AI-Hakim, 2004). The top of 
the chamber has two freezing gas inlet/outlet on either side. 
Atomiser 
There are three classes of atomisers used commonly in spray dryer: two-fluid 
nozzle, a single-fluid nozzle and a rotary atomiser. In this research , two different 
atomisers were used , both of the single-fluid nozzle type - WL and TOL series. 
These nozzles were supplied by BETE Lld , Lewes, East Sussex, UK. The 
general descriptions of the spray nozzles are listed in Table 3.1 . 
The bodies of the WL Series and TO series single-fluid nozzles were mounted at 
the top of the spray-freezing chamber and were also attached to small electrical 
heaters to facilitate the spraying of feed when operating at sub-ambient 
temperatures. 
Table 3.1 Spray nozzle types and general description (BETE Lld) 
Spray nozzle WL series TDL series 
Nozzle Number WL 1/4 TOL4-18 
Type Single-fluid Single-fluid 
Spray Pattem Full cone Hollow cone 
Spraying angle 30° 70°_75° 
Atomisation Medium to coarse Fine 
Flow rate 0.49-223 Ilmin 0.19-7.761/min 
Liquid feed 
The liquid feed is introduced to the spraying chamber by displacement using a 
supply of pressurised compressed nitrogen gas into a liquid feed vessel. The 
vessel pressure is regulated by manually operated valves and solenoid valves 
are used as switches. The capacity of the pressure vessel is 20 litres with a 
pressure limit of 7 bar (Millipore, UK). 
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Freezing gas supply 
Liquid nitrogen (LN2) is used as the freezing medium for the reasons of low cost, 
greater flexibility, higher cooling power and very low humidity. A gas-mixer is 
used to mix the liquid nitrogen supplied from an external reservoir and nitrogen 
gas from a pressurised compressed cylinder. The gas flow rate and the 
temperature are regulated by using a manual needle valve. The mixed gas flows 
through a Venturi flow meter and perforated copper pipes to the spraying 
chamber. The pressure transducers were fitted across the Venturi device for 
pressure measurement. 
Gas flow rate calculation 
The velocity of flowing air was measured using the Venturi device from which the 
volumetric gas flow rate was calculated by the following equations: 
v = u,A, = u2 Az 
from the Bernoulli's equation, 
therefore, 
where, 
2(P, -P2 ) 
p((~)2 -1) 
Az 
A is the cross-section area of the Venturi 
Cd is the discharge coefficient 
P is the pressure 
V is the gas flow rate 
u is the gas velocity 
p is the gas density 
(3.1 ) 
(3.2) 
(3.3) 
(subscripts 1 and 2 refer to the upstream and throat pressure tappings, 
respectively). 
A discharge coefficient of 0.975 was used to calculate the volumetric gas flow 
rate. The Reynolds number of the flow rate obtained was calculated to check the 
validity of the assumed discharge coefficient by referring to standard data 
reported in BS EN ISO 5167-4:2003, and it has shown to be appropriate. 
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Product collection box 
The frozen particles were collected for freeze drying from the outlet of the 
chamber in a cooled plastic vacuum flasks located in a cooled expanded 
polystyrene box. Once sufficient product had been collected, the frozen particles 
were manually transferred into the fluidised bed drying system, as described 
below. 
3.3.2 Vacuum fluidised bed freeze-drying system 
The product coming from the spray-freezing chamber is collected in a cooled 
plastic vacuum flasks which is manually transferred to a flu idised bed freeze-
dryer that operating under vacuum. The vacuum fluidised bed freeze-drying 
system consists of fluidisation vessel , the cold gas supply and the vacuum 
operation . 
In the fluidised bed freeze-drying unit, 'type T' thermocouples (RS Components, 
UK), humidity sensors (Michell Instruments, UK) and pressure transducers were 
used to measure temperature, dew point and absolute pressure, respectively. 
The measured dew point will be used to calculate the gas humidity. The 
measurement data during the operation were logged by Data Scan 7321&7050 
data acquisition hardware into a PC using DASYLab software. The flow diagram 
of a fluid ised bed freeze-drying unit and instrumentation is illustrated in Fig. 3.5. 
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T 9 - temperature of freeze-dried particles 
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Vacuum pump 
Gas 
Mixer 
RV 
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Figure 3.5 Flow diagram of the vacuum fluidised bed freeze-drying operation 
and associated instrumentation 
Fluidisation vessel 
The main outer vessel was made of 316 stainless steel. The volume of the vessel 
is 0.022 m3 and it is connected to the gas flow inlet of 0.15 m inner diameter at 
the bottom of vessel and two outlets (each 0.0754 m diameter) at the top on 
either side of vessel. The inner fluidisation vessel is made from transparent 
polycarbonate tube to resist the lower temperatures and to enable visualisation 
(see Fig. 3.6). Two diameters of fluidised bed design were investigated in this 
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study: (1) a large (15 cm diameter and 0.17 m long cylinder) and (2) a small (7 .5 
cm diameter and 0.17 m long cylinder) surface area beds. The bottom of the 
vessel is fitted with a 2 mm thick polyethylene plate distributor (Vyon F, Porvair 
Filtration, Wrexham) , and a fine mesh is fixed at the top of the vessel to prevent 
elutriation. 
Figure 3.6 Fluidisation vessel 
Cold gas supply 
Outlet gas 
temperature (T1O) 
Particles 
temperature (T 9) 
Plate distributor 
Liquid nitrogen supplied from the dewar is warmed by ambient air in a heat 
exchanger before entering the equipment housing the fluidisation vessel. The gas 
flow rate and the temperature are regulated by using a manual needle valve. The 
outlet gas from the fluidised bed leaves the vessel via the two outlets by the 
suction of the vacuum. 
Vacuum operation 
A rotary-vane oil-sealed vacuum pump, model CLF100 supplied by Werner 
Rietschle-Germany is used for the vacuum requirements . The vacuum pump 
capacity was 35 m3h-1 at the pressure of 0.1 bara. 
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3.3.3 Spray freeze-drying operation 
Operating procedure for the spray freezing chamber 
To operate the spray freezing chamber the single-fluid nozzle must first be 
connected to the liquid feed and the gas lines. The nozzle was kept warm at 
about 20°C by circulating heated air around the nozzle body pipeline. All glass 
windows are mounted and closed tightly. The chamber is then purged with 
compressed nitrogen gas from a cylinder for 10 minutes, and then liquid nitrogen 
(LN2) is introduced into the vaporiser vessel to cool down all parts gradually with 
sub-ambient nitrogen gas for 5 minutes. After this time the flow of LN2 is 
increased to provide rapid cooling of the chamber. 
When the temperature at the bottom of the spray freezing chamber (T 5) has 
reached the desired temperature the liquid feed vessel is pressurised by using 
the compressed nitrogen gas at the pressure of 6 barg, and then the feed valve is 
opened to allow the feed through the nozzle atomiser into the chamber. The 
frozen particles are collected from the product collection vacuum flask and then 
manually transfer to the fluidised bed freeze dryer. 
Two methods of temperature control were employed. In the first method (used in 
earlier experiments), the temperature was allowed to decrease at a fixed rate 
until the desired spray freezing temperature was reached at which point the spray 
was initiated and the temperature manually controlled to the set-point 
temperature. The idea of this method was that the heat load from introducing the 
spray counterbalanced the cooling of the chamber to produce steady conditions. 
However, this was difficult to achieve reliably. The second method (used in later 
experiments) was to first achieve steady state temperature conditions in the 
chamber (without the spray) at a temperature approximately 20K colder than the 
desired spray freezing temperature. When steady state had been achieved the 
spray was initiated which warms the chamber and stabilises close reasonably 
close to the desired set-point temperature after approximately 3 minutes. This 
second method proved to be easier to perform reliably. 
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Operating procedure for the vacuum fluidised bed freeze dryer 
Approximately 10 g of frozen particles from the spray freezer (corresponding to 
two level measures of a measuring scoop) are transferred into the fluidisation 
vessel, which had been precooled to below -70·C. The chamber is sealed (which 
takes approximately 5 minutes to achieve), and then the vacuum pump switched 
on and the fluidised vessel set to the desired pressure, 0.1 bara, by regulating 
valves of the inlet of cold N2 gas and the flow through vacuum pump. The inlet 
temperature is slowly raised (over approximately 20 minutes) to the set point 
drying temperature. A heater is used to provide the latent heat of vapourisation. 
The inlet temperature, sample temperature, outlet dew point temperature and 
vessel pressure are monitored until the drying process is completed. The 
pressure is allowed to rise by closing the valve before the vacuum pump. The 
fluidisation vessel is removed, and product collected from it into a glass bottle, 
which is stored in the refrigerator for further analysis. 
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4.1 Introduction 
This chapter describes the materials used in this research and the methods used 
to characterise the liquid feeds and powder products. Coffee was used as the 
representative aroma food and maltodextrin was used as a pure carbohydrate 
model material to compare with coffee. Additional marker compounds were used 
to represent Significant volatile compounds in coffee. The characterisation 
methods of liquid feeds included viscosity, absolute density and total solid 
content measurement. The measurement of moisture content, size analysis, 
scanning electron microscope and bulk density were used to characterise powder 
materials. This chapter also describes the methods to determine the moisture 
sorption characteristics and glass transition temperatures of coffee and 
maltodextrin. 
4.2 Processed materials 
4.2.1 Coffee materials 
Three types of coffee were used in this research: 
(i) Roasted and ground coffee, medium roast type, manufactured by Douwe 
Egberts 
(ii) Spray dried 'Fine Blend' instant coffee (Nescafe Brand) 
(iii) Freeze dried instant coffee powders 'medium roast' Douwe Egberts Brand. 
All coffees were purchased from a local store. 
4.2.2 Maltodextrin powder 
Commercial grade maltodextrin powder with dextrose equivalent (DE) 17.0-19.9 
was used in the spray drying and spray-freeze-drying experiments and 
purchased from myprotein.co.uk (Cend Itd., UK). The manufacturer declares the 
maximum moisture content of product to be 5%. 
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4.2.3 Marker compounds 
The volatile compounds of 2-Methylpyrazine, 2-Furancarboxaldehyde, 2-
Furanmethanol, 2,6-Dimethylpyrazine, 5-Methyl-2-furancarboxaldehyde, 2-
Furanmethanol acetate, 2-Methylbutanal and 2,3-Pentanedione, commonly found 
in brewed coffee, were selected as representative markers and added in known 
quantities to feed solutions. 2-Methylbutanal and 2,3-Pentainedione are classified 
as good volatiles compounds in coffee (Grosch, 2001). The selection of these 
marker compounds is described in Chapter 5. These compounds were all 
purchased from Sigma-Aldrich (UK). 
Table 4.1 Physical and chemical properties of compounds 
BP (·C) Physical Density Purity Compound Name MW state at 
no. at 1 atm ( g/ml) (%) STP 
1 2-Methylpyrazine 94 134-136 Liquid 1.026 99 
2 2-Furancarboxaldehyde 96 162 Liquid 1.159 99 
3 2-Furanmethanol 98 170 Liquid 1.132 99 
4 2,6-Dimethylpyrazine 108 154 Solid' N/A 98 
5 
5-Methyl-2-
110 187-189 Liquid 1.105 99 
furancarboxaldehyde 
2-Furanmethanol 
6 140 175-177 Liquid 1.118 99 
acetate 
7 2-Methylbutanal 86 90-92 Liquid 0.820 95 
8 2,3-Pentanedione 100 110-115 Liquid 0.959 97 
1 Melting point = 35.0-40.0·C 
4.2.4 Feed solution preparation 
Spray dried 'Fine Blend' instant coffee and maltodextrin were used to prepare the 
solutions by dissolving powder in distilled water at a mass fraction of 20, 3D, 40 
and 50% solution and doped with small amounts of six compounds chosen from 
Table 4.1 to simulate roasted and ground coffee. Compounds No.4 and 6, 2,6-
Dimethylpyrazine and 2-Furanmethanol acetate, were unsuitable to use because 
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of their poor solubility in water. 2,6-Dimethylpyrazine is a solid compound and is 
insoluble in water whereas 2-Furanmethanol acetate is an immiscible liquid. The 
amount of added pure compounds into 20% feed concentration is shown in Table 
4.2 and the amount of added pure compounds in different feed concentrations 
was in the ratio of solid concentration. The amounts of added markers were 
chosen to mimic the amounts of compounds found in coffee brewed from roasted 
and ground coffee beans (describe further in Chapter 5). 
Table 4.2 Masses of pure volatile component added per mass of feed solution 
Mass of pure compounds added 
per unit mass of feed solution 
Compound 
Compound (mg/kg) 
no. 
Coffee Maltodextrin 
20%w/w 20%w/w 
1 2-Methylpyrazine 24.3 52.3 
2 2-Furancarboxaldehyde 32.1 111 
3 2-Furanmethanol 667 283 
5 
5-Methyl-2-
28.4 93.9 
furancarboxaldehyde 
7 2-Methylbutanal 3.5 13.1 
8 2,3-Pentanedione 5.1 18.2 
4.3 Methods of characterising liquid materials 
4.3.1 Absolute density 
The absolute density at 20·C of coffee solution and maltodextrin solution 20%-
50% w/w was determined by using a pycnometer with a volume of 50 ml and 
using the British Standard method BS 4522 (1988). 
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Sample analysis: A clean and dry pycnometer flask with its stopper was 
weighed on an analytical balance to the nearest 0.001 g. Distilled water, 
previously brought to a temperature of 20 ± 0.1 °C in a water bath, was poured 
into the flask and weighed to calibrate the volume of the flask. The flask was then 
emptied and dried. Then the sample mass was determined using the same 
method. Measurements were made in triplicate and the mean was recorded. 
Result analysis: The density of the sample at 20°C, in g/cm3, is calculated by 
the following equation: 
where 
m1 is the weight of sample required to fill the flask at 20°C (g) 
mz is the weight of water required to fill the flask at 20°C (g) 
Pw is the density of water at 20°C = 0.9982 g/cm 3 
A is the buoyancy correction = P. xmzl Pw 
where P. is the density of air = 0.0012 g/cm3 
4.3.2 Viscosity 
(4.1 ) 
The kinematic viscosities of coffee and maltodextrin solutions at solids 
concentration 20-50% w/w were determined by using an Ubbelodhe viscometer 
using the British Standard method BS 188 (1977) at 20°C (see Figure 4.1). 
Sample analysis: About 25 ml of the sample solution was poured into the 
viscometer which was then mounted with the capillary tube vertical in a 
thermostatic water bath controlled at 20°C. The viscometer was then left charged 
for 30 minutes to reach temperature equilibrium. Tube M was then closed and 
suction applied to capillary tube N to bring the liquid level to a point about 5 mm 
above mark E. Tube N was then closed to hold the liquid. Tube M was opened to 
clear the liquid from the lower part of the capillary tube. Tube N was then opened 
to release the liquid and the time for the liquid to pass from the top edge of mark 
E to the top edge of mark F was recorded. Measurements were made in triplicate 
and the mean was recorded. 
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Result analysis: The kinematic viscosity (u) of the sample at 20 ·C, in mm2s-1, is 
calculated by the following equation. 
v = Ct (4.2) 
where t is the mean flow time (s) 
C is the factor for the viscometer given in its calibration certificate 
The dynamic viscositY,T], in mPa s, is calculated from the formula 
TJ = vp (4.3) 
where p is the density measured at the same temperature (g/cm3) determined in 
section 4.3.1. 
Figure 4.1 Ubbelodhe viscometer 
4.3.3 Total solid content 
The total solid content of coffee or maltodextrin solutions was determined 
gravimetrically from the residue remaining after oven drying. 
Sample analysis: Approximately 15 g of the sample solution was poured into an 
Aluminium foil dish and weighed on an analytical balance to the nearest 0.1 mg. 
The sample dish was placed in an air oven preheated to 11 O·C. After the sample 
- 53-
Chapter 4 Materials and Methods of Characterisation 
was dried for 48 hours the sample was removed and weighed immediately. 
Measurements were made in duplicate and the mean was recorded. 
Result analysis: The total solid content of the sample is calculated by the 
following equation. 
M -M % Total solid content = 2 0 x100 
M1- MO 
where Mo = weight of empty dish (g) 
M1 = weight of dish and sample before drying (g) 
M2 = weight of dish and sample after drying (g) 
4.4 Methods of characterising powder materials 
4.4.1 Moisture content 
(4.4) 
The moisture content of dried coffee and maltodextrin samples was determined 
based on the AOAC (1995) vacuum oven method. 
Sample analysis: Approximately 3 g of sample powder was placed in an 
Aluminium dish. The sample in the dish with its lid was weighed on an analytical 
balance to the nearest 0.1 mg. The lid was removed and the dish was placed in a 
preheated oven at 70±1·C with a pressure of approximately 37.5mmHg. The 
sample was dried for 16±O.5 hours and transferred to a desiccator. The lid was 
placed on the sample dish as the sample was transferred. The sample was 
allowed to cool to room temperature in the desiccator and then weighed with the 
lid still on the sample. 
Result analysis: The moisture content of the sample is calculated by the 
following equation. 
% Moisture content = M1 - M2 X 1 00 
M1 -Mo 
where Mo = weight of empty dish with lid (g) 
M1 = weight of dish with lid and sample before drying (g) 
M2 = weight of dish with lid and sample after drying (g) 
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4.4.2 Particle size analysis 
Particle size distributions of coffee and maltodextrin powders were determined by 
the Laser Diffraction method using a Coulter LS 130 Laser Sizer (Beckman 
Coulter, High Wycombe, Bucks, UK), which measures particle size in the range 
of 0.4-900 Ilm, using the Fraunhofer model. 
Sample analysis: Samples were prepared and dispersed in -15 ml mineral oil to 
obtain obscuration in the range of 8-12%. The mineral oil with refractive index 
1.427 was used as the diluent (Bornhardt, 1994). Measurements were made in 
triplicate and the mean was recorded. 
Result analysis: Particle size is reported as volume mean diameter, D (4, 3). D 
(4,3) is used as the volume of particles affects the bulk density rather than the 
surface area of particles and span was used to characterise particle size 
distribution. 
4.4.3 Scanning electron microscope (SEM) 
Particle size, shape and morphology were examined by a high-resolution field 
emission scanning electron microscope (FESEM), model LEO 1530VP at the 
Department of Materials, Loughborough University. 
Sample preparation: The powders were sprinkled on aluminium stubs of 
diameter 12.5 mm, using conductive carbon sticky pads. The excess powders 
were removed by tapping to avoid particle breakage. The stubs were fixed onto 
the specimen holder and gold sputter coated for 30 seconds with an Edwards 
E12 evaporation unit using conditions of 2 kV and 30 mA with argon gas. The 
samples were then inserted into the FESEM and secondary electron images 
were obtained using a conventional Everhart-Thornley detector. The accelerating 
voltage used was 2.5 kV. 
4.4.4 Bulk density 
The bulk density of coffee and maltodextrin powders was determined as a 
compacted bulk density based on the British Standard method BS 5752-11 
(1987). 
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Sample analysis: The powder sample (about 5 g) was weighed and transferred 
to a graduated glass measuring cylinder of capacity 25 ml. The cylinder was then 
tapped 300 times manually at a rate of approximately 140 taps per minute from a 
height of 7 cm, to compact the powder and then the volume was read. 
Measurements were made in duplicate and the mean was recorded. 
Result analysis: The compacted bulk density is the ratio of the mass of powder 
material divided by the volume after a fixed number of taps. The bulk density is 
expressed in grams per millilitre. 
4.5 Sorption Isotherm 
Moisture sorption isotherms of coffee material (Spray dried 'Fine Blend' instant 
coffee type) and maltodextrin powder were determined at 25°C by a standard 
method, which used saturated salt solutions of lithium chloride, potassium 
acetate, magnesium chloride, potassium carbonate, magnesium nitrate, 
potassium iodide, sodium chloride, potassium chloride and potassium sulphate to 
give relative humidities in the range 12-97% according to Greenspan (1977) and 
Labuza et al. (1985) (see Table 4.3). 
Sample analysis: Duplicate samples of around 1 g were weighed in glass Petri 
dishes and placed in closed vessels containing one of the above saturated salt 
solutions (as shown in Fig. 4.2). These vessels were held in an incubator at 25°C. 
The masses of the samples were examined at one to two day intervals over the 
incubation period for about two weeks until they reach equilibrium (Hayakawa et 
al., 1978). The equilibrium moisture content of these samples was determined by 
a vacuum oven method (see Section 4.4.1). 
Water activity is defined as the ratio of the water vapour pressure over a solution 
(p) to that over pure water at the same temperature (Po). 
a=.E... 
w Po 
(4.6) 
The equilibrium relative humidity (% ERH) is 100 aw , (Leake, 2006). 
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Table 4.3 Water activity of saturated salt solutions at 25°C 
Saturated salt solution aw 
Lithium chloride 0.12 
Potassium acetate 0.23 
Magnesium chloride 0.33 
Potassium carbonate 0.43 
Magnesium nitrate 0.52 
Potassium iodide 0.69 
Sodium chloride 0.75 
Potassium chloride 0.86 
Potassium sulphate 0.97 
Lid --.. 
Stand 
Sample powders in 
~ ••• ;~----J glass Petri dishes 
Saturated salt 
solution with crysta s 
Air-tight 
glass jar 
Figure 4.2 Schematic diagram of closed vessels contained saturated salt 
solutions 
Result analysis: The sorption isoth~rm was constructed by plotting the mean 
moisture content of samples versus aw ' Gugenheim-Anderson-Deboer (GAB) 
model is the most efficient way for isotherm prediction (Lomauro et al., 1985) ; 
Tsami etal.,1990) . 
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GAB Equation 
Where, 
x = ____ C_K_x"'m_aw"'-__ _ 
w (1-Kaw )(1-Kaw + CKaw ) 
Xw is the moisture content (dry basis), kglkg 
aw is the water activity 
(4.7) 
xm is the monolayer moisture constant (dry basis), kglkg 
C and K are constants associated with the enthalpies of 
monolayer and multilayer coverage, respectively 
The model was used to fit the parameters by using the least squares method in 
the Solver (Excel). The fitted parameters are xm ' C and K . Table 4.4 
summaries the results of parameters obtained by fitting using the GAB equation. 
Table 4.4 Parameters obtained from fitting using the GAB equation 
Fitted parameters 
Materials 
xm C K 
Experiment 
Coffee 0.060 3.02 0.986 
Maltodextrin 0.045 21.7 0.979 
Literature 
Coffee extract* 0.0623 2.85 1.023 
Maltodextrin** 0.063 40 0.91 
* Denotes values taken from Okos et al. (2007) for samples at 20·C 
** Denotes values taken from Bouquerand et al. (2008) for samples at 30·C 
Figure 4.3 shows the equilibrium moisture content as a function of water activity 
for coffee and maltodextrin powders. The solid line represents the fitted curve of 
coffee sample, the dashed line represents the fitted curve of maltodextrin . This 
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graph shows that the parameters identified by using GAB equation are in good 
agreement with experimental data for both materials. The bold sol id line 
represents the isotherm of coffee at 20°C given by using the parameters from 
Okos et al. (2007). For coffee samp le at aw below 0.5, there is close agreement 
between the literature data (conducted at 20°C) and experiment data (conducted 
at 25°C) . The bold dash line represents the isotherm of maltodextrin (DE19), 
conducted at 30°C, given by using the parameters from Bouquerand et al. (2008) 
which shows a slightly higher water adsorption at aw below 0.85, compared to an 
experiment data (conducted at 25°C) . 
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* Denotes values taken from Okos et al., (2007) for samples at 20°C 
** Denotes values taken from Bouquerand et al., (2008) for samples at 30°C 
Figure 4.3 Sorption isotherm of coffee and maltodextrin powders at 25°C in 
comparison with the literature 
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4.6 Glass transition temperature by using DSC 
The glass transition temperature was measured for coffee and maltodextrin 
samples of varying moisture content using a Q10 Differential Scanning 
Calorimeter (TA Instruments). The principles of DSC are described earlier in 
Section 2.3.2. 
Sample analysis : The samples were prepared by weighing 10-15 mg of the 
material into aluminium DSC pans which were placed in closed vessels 
containing saturated salt solution in the range 0.11-0.97 aw as performed in the 
moisture sorption experiments (see Section 4.5). These were held at 25·C in the 
incubator for at least two days until they reached equilibrium. Then the DSC 
sample pans were removed and quickly hermetically sealed . An empty aluminium 
pan was used as the reference in all measurements. The temperature calibration 
was performed using the onset melting points of indium (156.6·C). For 
determination of the Tg the samples were first rapidly cooled at a scan rate of 
10·C/min to a temperature well below the anticipated T g, held isothermal for 2 
min and then heated at a scan rate of 5·C/min to a temperature above the 
anticipated T g. The exact lower and upper temperature were not fixed but instead 
varied based on the sample tested . For example coffee sample equilibrated at 
aw 0.33 was cooled to -60·C and heated to 70·C where as coffee sample 
equilibrated at aw 0.97 was cooled to -90· C and heated to 40· C. 
Result analysis : The glass transition temperature, Tg can be determined from 
the DSC thermogram of a heating scan (e .g. Figure 4.4) by locating the point 
where the rate of change of heat capacity (or heat flow) is greatest. The 
approximate location is given in the dashed window on Fig. 4.4. The gas 
transition temperature can be found from the inflexion point of the slope of 
thermogram from DSC measurement in Fig. 4.4 or 4.5 (expanded view of the 
same data) or by determining the maximum or minimum of the first derivative of 
the heat flow (Fig.4.6). The minimum point in Fig. 4.6 was chosen from its trend 
line. 
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Figure 4.4 Thermogram of coffee sample at aw =0.33 
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Figure 4.5 Determination of glass transition temperature from the inflexion 
point of the slope of thermogram (expanded view of the data in Fig.4.4) 
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Figure 4.7 Thermogram of coffee sample at aw =0.97 
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In cases where ice crystallisation and melting peaks were observed (e.g. Figure 
4.7) the Tg refers to that of the maximally freeze concentrated phase (Tg') (see 
Section 2.1.4) and not of the overall moisture content of the sample. The T g' data 
obtained from experiment were not used to predict the Tg curve. 
Figure 4.7 shows a number of changes in the structure of the material. Starting 
with cooling of the material, at a temperature about -25°C, nucleation occurred , 
which was immediately followed by crystal growth, releasing the latent heat of 
crystallisation . Consequently the temperature rose, shown from the shape of ice 
crystallisation peak, even though the DSC was trying to ramp down the 
temperature. The system could not remove heat fast enough to cope with the 
enthalpy of crystallisation . 
The glass transition of a mixture of components 1 and 2 can be fitted to the 
Gordon-Taylor equation (Bhandari and Howes, 1999), where w, and w 2 
represent the mass fraction of sample and water, respectively; T91 and T92 are 
the glass transition temperature of pure sample and water, respectively and k is 
an empirical constant. 
T = w,Tg,+ kw2Tg2 
9 w, + kw2 
(4.8) 
The mass fraction is determined from moisture sorption data for equilibration with 
the same salt solution (see Section 4.5). 
The T 9 values for dry coffee and maltodextrin obtained from fitting using the 
Gordon-Taylor equation by the least squares method in the Solver (Excel) are 
given in Table 4.5, alongside the k constant. Roos and Karel (1991) reported the 
T 9 values for anhydrous maltodextrin (DE 20) was 141 °C. The difference 
between these Tg values might be the effect of factors, for example , hydrolysis 
procedure, source of starch (potato, maize or rice) and amylose/amylopectin 
ratio; although the materials were the same DE value (Dokic-Baucal et aI., 2004). 
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Table 4.5 Parameters obtained from fitting using the Gordon-Taylor equation 
Fitted parameters 
Materials 
k Tg1 
Coffee 5.67 98 .0 
Maltodextrin 3.68 102.7 
Figure 4.8 shows that the fitted parameters using the Gordon-Taylor equation are 
in good agreement with experimental data for the glass transition temperature of 
coffee and maltodextrin powders. The solid line represents the fitted curve of 
coffee and the dashed line represents the fitted curve of maltodextrin . 
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Figure 4.8 Glass transition temperature as a function of water activity for 
coffee and maltodextrin powders 
The DSC scanner also used to investigate the T9 of a 20% w/w maltodextrin or 
coffee solution in order to find an appropriate temperature for the freeze drying 
process in next study (Chapter 8). The same scanning process applied to with 
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sample solutions, the Tg of samples showing ice formation refer to that of the 
maximally freeze concentrated phase (T g') were observed at -24.1 °C and -1 5.3°C 
for coffee and maltodextrin, respectively. The Tg' data can be used as a reference 
for freeze drying below this temperature by setting at -30°C for the experiments in 
Chapter 8, to prevent the collapse of materials which occurring at the 
temperature between the glass transition temperature and the onset of ice 
melting (Knopp et al., 1998). 
Comparing the equilibrated samples at aw 0.97, the Tg' of coffee and maltodextrin 
were -21 .8°C and -19 .3°C, respective ly. The slight difference of Tg' between two 
methods may be caused by the difference of concentration of solutions; coffee 
and maltodextrin equilibrated at aw 0.97 were equivalent to -40% w/w and -50% 
w/w solution, respectively. 
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Chapter 5 Analysis of Coffee Volatile Compounds 
5.1 Introduction 
Instant coffee is made by dehydrating the extract from ground and roasted coffee. 
The principal methods of dehydrating the extract are spray drying and freeze 
drying. Freeze drying produces a higher quality instant coffee but at a higher cost 
due to the expense of the process. Customers generally prefer the taste of coffee 
brewed from ground beans, rather than from instant coffee, due mainly to factors 
such as flavour and aroma. However, ground coffee is considerably more 
inconvenient to prepare and thus there is a market for high quality instant coffee 
which has the flavour and aroma approaching that of freshly brewed coffee. 
The aroma of coffee has been investigated by many researchers and over 800 
volatile compounds have been reported (Semmelroch and Grosch, 1995; 
Kumazawa and Masuda, 2003; Buffo and Cardell i-Freire , 2004). The major 
problem when producing instant coffee is to prevent the loss of large amounts of 
these volatile compounds present in coffee extracts, in transforming the raw 
materials to powder during drying. An examination of the variables influencing the 
drying process will indicate the best methods for minimizing the losses of coffee 
volatiles, and thus improve flavour retention in spray drying and spray freeze 
drying. 
The combination of gas chromatography with mass spectrometry (GC/MS) is 
widely used to analyze the aroma of foods. There are many techniques used for 
sample preparation for identification by GC/MS. The concentration range volatility 
of the analytes and the chemical nature of the substances are important factors in 
determining the most suitable sample preparation procedure (Hubschmann, 
2001). The reproducibility of the sample preparation method however is 
paramount. 
The first stage of this research was to develop a robust sample preparation 
method from either of two different sample preparations, Static Headspace 
Technique (SHS) and Headspace Solid Phase Microextraction Technique (HS-
SPME). Another aim was to identify and investigate suitable markers to represent 
the range of volatile compounds found in coffee. Volatile compounds of a number 
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of brewed coffees prepared directly from roasted coffee beans were analysed 
and compared to those found in brewed coffees prepared from a soluble coffee 
powder. From these results 8 marker compounds were identified for use in the 
experiments to study volatile retention . 
5.2 GC/MS 
Gas chromatography is a separation method based on differences in partitioning 
behaviour between a flowing mobile phase and stationary phase to separate the 
components in a mixture. A column holds the stationary phase and the mobile 
phase carries the sample through it. A component which is quite soluble in the 
stationary phase will take a longer time to travel through than a component which 
is not very soluble in the stationary phase. According to these differences in 
mobility, sample components will become separated from each other as they 
travel through the stationary phase. As the components elute from the column 
they can be identified by a detector and are registered as Gaussian curves 
(peaks). By the coupling of gas chromatography with a mass spectrometry 
detector, qualitative information of the mixture components are analyzed by the 
retention time . The retention time is the time elapsing between injection of the 
sample and the appearance of the maximum of the signal. The retention time of a 
component is a characteristic of the substance and is constant under the same 
chromatographic conditions. A peak can be identified by a comparison of the 
retention time with a standard (pure substance). For quantitative information of 
the mixture components are analyzed from the height and area of a peak. The 
area of the peaks was measured by calculating the total ionic current (TIC). The 
calibration curve is constructed from a plot of known concentration versus peak 
area from the chromatogram. Unknown quantities of substance can be 
determined by a comparison of the peak areas with their calibration curves. 
Usually, the signal from GCIMS is proportion to the concentration of substance. 
However, at the lower concentration range the signal is non-linear due to the 
adsorption on active sites or residual activities. In addition , at the higher 
concentration range the signals also become non-linear functions of 
concentration , as a result of the saturation of the detector, as is shown in Fig.S.1 
(Hubschmann, 2001). 
- 67 -
Chapter 5 Analysis of Coffee Volatile Compounds 
Memory ... "1' I 
/ , 
--_ ... ,/ 
" Adsorplioo 
Quantity of substance 
------
...... Saluratlon 
Figure 5.1 Variation of the signal intensity with the quantity of substance 
(Adapted from Hubschmann, 2001) 
5.3 Determination of sampling techniques for GC/MS analysis 
This experiment aims to determine a suitable technique for coffee volatile 
analysis by investigation the effects of: 
i) GC conditions; split and splitless mode injection 
ii) Sampling techniques: Direct gas injection (Static Headspace Technique, SHS) 
and Headspace Solid Phase Micro-Extraction (HS-SPME) and 
iii) Types of SPME fibre: Carbowax DVB StableFlex polar fibre (CWIDVB 70 ~m) 
and a 50/30 micron divinylbenzene carboxen on polymethylsiloxane Stable Flex 
fibre (DVB/CARlPDMS 50/30 ~m). 
5.3.1 Material and methods 
Type of coffee 
The coffee used was an instant spray dried coffee powder Nescafe 'Fine Blend' 
Brand. 
Descriptions of GC/MS 
A Hewlelt-Packard model 6890 series GC system coupled with a HP5973 Mass 
Selective Detector, as shown in Fig.5.2, was used to analyze the volati le 
compounds of coffee . The gas chromatography column in this experiment was an 
Rtx-5MS fused-silica non-polar capillary column with cross-linked 5% diphenyl 
polysiloxane (60 m x 0.25 mm ID with a 0.25 ~m layer thickness). Helium was 
used as the carrier gas at a flow rate of 0.7 mLlmin. The MS detector was used at 
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a scan rate of 1.29 scans/sec, in the mass (MW) range of 10-600 and the 
Electron Energy was set at 70 eV. The other instrument conditions are shown in 
Table 5.1. 
Figure 5.2 Hewlett-Packard model 6890 series GC system 
Coffee sample preparation 
The coffee solutions for each run were prepared by dissolving instant coffee 
powder in water as described in Table 5.1 and put it in a 20 ml vial purchased 
from Metlab Supplies Ud and then hermetically sealed . 
5.3.2 Direct gas injection 
Sample preparation using the Static Headspace Technique (SHS) involves the 
analysis of volatile substances in the equilibrium headspace between a sample 
matrix and the gas phase above it, in a closed static system. An equilibrium 
concentration in the gas phase is taken from the headspace by a gas-tight 
syringe and is then injected into the GC/MS system. Details of the sample 
preparations and experimental methods for each run are shown in Table 5.1. 
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5.3.3 Headspace Solid Phase Microextraction Technique (HS-SPME) 
Sample preparation by Headspace Solid Phase Micro-Extraction (SPME) 
involves exposing a fused silica fibre with a polymeric coating in a closed system. 
The analytes diffuse from a headspace sample onto the fibre surface and 
partition into the coating according to their polarities and the SPME fibre affinity 
(Pawliszyn, 1997). After the extraction time is reached, the fibre with the analyte 
is withdrawn from the sample and transferred into a GC injector system. The 
analyte is desorbed thermally from the coating on the fibre. The conditions for 
HS-SPME sampling are described in Table 5.1. 
Types of fibre: The two types of SPME fibre used in this experiment are a 
Carbowax DVB StableFlex polar fibre (CW/DVB 70 J..Im) and a 50/30 micron 
divinylbenzene carboxen on polymethylsiloxane StableFlex fibre 
(DVB/CARlPDMS 50/30 J..Im). CarbowaxlDVB fibre is suitable for polar analytes, 
especially for alcohols. DVB/CARlPDMS 50/30 J..Im fibre is suitable for C3-C20 
range of both polar and non polar analytes (Mani, 1999). 
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Table 5.1 Sample preparations and methods 
GC conditions Sampling technique 
RUN Injector Injection Type of Coffee Method Oven program Technique Equilibrium condition 
mode temperature fibre preparation 
40°C for 2 min. 3 9 of coffee Heated in a water bath at 40°C for 
1 KK03 Split 250°C ramp 7°C/min to SHS and 1.5 9 of 60 min. 100IJL of sample from 300°C • hold for - distilled water heads pace was taken and injected 
10 min (75°C) in a vial into the GC 
40°C for 2 min. 6 9 of coffee Heated in a water bath at 40°C and 
2 KK03 Split 250°C . ramp 7°C/min to SHS and 1.5 9 of ramp to 90°C for 90 min. 100IJL of 300°C • hold for - distilled water sample in headspace was taken and 
10 min (75°C) in a vial iniected into the GC 
40°C for 2 min. 2 9 of coffee Heated in a water bath at 60°C for 
3 KK04 Splitless 250°C ramp 7°C/min to SHS and 1.5 9 of 60 min.1001JL of sample from 300°C • hold for - distilled water headspace was taken and injected 
10min (20°C) in a vial into the GC 
1 9 of coffee Heated in a water bath at 60°C for 
40°C for 5 min. powder and 60 min. Headspace vapour exposed 
4 KK08 Splitless 250°C ramp 4°C/min to SPME CW/DBV 8 9 of distilled with an SPME fibre for 30 min; 
230°C water(20°C) in thermal desorption of the fibre in the 
a vial GC injector for 5 min. 
1 9 of coffee Heated in a water bath at 60°C for 
40°C for 5 min. DVB/CAR powder and 60 min. Headspace vapour exposed 5 KK14 Splitless 230°C ramp 4°C/min to SPME IPDMS 8 9 of distilled with an SPME fibre for 30 min; 230°C water(20°C) in thermal desorption of the fibre in the 
a vial GC iniector for 5 min. 
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5.3.4 Results and discussions 
Static headspace sampling (SHS) technique 
The SHS technique was investigated with different injection mode, split and 
splitless injection. In experimental runs 1- 2, the KK03 method was used with a 
split mode injection with a split ratio of 15:1, which means that a major portion of 
the sample (15 parts) is released through the split vent, and the remaining 
sample (1 part) is transferred into a GC column. The chromatogram results from 
runs 1 and 2 (Figs. 5.3 and 5.4, respectively) showed that no major peaks were 
obtained in the mass spectrum with SHS GC/MS analysis from these split mode 
injection samples, even after increasing the coffee concentration and the 
equilibrium temperature in run 2. In contrast, run 3 using the KK04 splitless 
injection method gave more promising results with greater numbers of identified 
components as shown in Fig. 5.5. These results revealed that the sample 
injection method was of great importance for the quality of the chromatographic 
analysis. The KK04 method used splitless injection, which means the split vent is 
closed and the entire sample is transferred into the column. Therefore splitless 
injection is a more sensitive method to detect low concentrations of volatile 
materials and a more useful method for analyzing coffee aromas. It is however 
not particularly sensitive and quantitative results would be difficult to obtain. 
Headspace-solid phase microextraction 
Using different sample preparation techniques, for run 4 using headspace-solid 
phase microextraction (HS-SPME) a good chromatographic volatile profile was 
obtained, as shown i~ Fig. 5.6. Many peaks were detected and the retention 
times of the various compounds corresponded to reports from the literature. The 
components responsible for the peaks are listed in Table 5.2 and were included 
in the list of coffee aroma molecules given by Yeretzian et al. (2003) and Shirey 
and Sidisky (2001). 
The SHS technique (without SPME) was the simplest method to be used. 
However, this method was not adequate for finding the volatile components of 
coffee because of its low sensitivity. The headspace solid phase microextraction 
technique was more suitable than the static headspace technique. It gave a good 
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chromatographic volatile profile. The HS-SPME method concentrates the 
headspace volatile components on the fibre, prior to injection into the GC/MS and 
hence allows quantitative detection of a wider range of aroma compounds. 
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Figure 5.3 The gas chromatogram of instant coffee solution by SHS Technique 
with split mode injection (Run 1, Table 5.1) 
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Figure 5.4 The gas chromatogram of coffee solution by SHS Technique with 
split mode injection (Run 2, Table 5.1) 
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Figure 5.5 The gas chromatogram of instant coffee solution by SHS Technique 
with splitless mode injection (Run 3, Table 5.1) 
Types of SPME fibre 
The headspace solid phase microextraction (HS-SPME) technique was chosen 
for analysing the volatile compounds in coffee. Two types of fibres were 
investigated - CWfDVB and DVB fCARI PDMS fibres. Chromatographic volatile 
profiles obtained from both fibres are shown in Figs. 5.6 and 5.7. Many peaks 
were detected and the corresponded retention times to the peaks presented in 
Table 5.2. The results show that there is a good correspondence between the 
volatile compounds of coffee identified by this experiment and those reported in 
the literature (Yeretzian et al., 2003). 
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Figure 5.6 The gas chromatogram of instant coffee solution by HS-SPME 
technique with a CWfDVB StableFlex (70 IJm) polar fibre (Run 4, Table 5.1) 
The chromatographic profile from Run 5 using the DVBfCARlPDMS fibre shows 
some Significantly larger peak areas and more variety of coffee volatile 
compounds compared to Run 4 which the CWIDVB fibre used. However, the 
CW/DVB fibre identifies some major components such as 2-Furanmethanol, 5-
Methyl-2-furancarboxaldehyde and 2-Furanmethanol acetate. Hence the use of 
DVB fCARI PDMS fibres allowed better extraction of the volatile coffee 
components. The different three composition coatings of the DVB/CARlPDMS 
fibre gave high selectivity for wide range of polarity and molecular weight 
analytes. Thus this fibre was selected for further study. 
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Figure 5.7 The gas chromatogram of instant coffee solution by HS-SPME 
technique with a DVB/CARlPDMS 50130 I-Im StableFlex fibre (Run 5, Table 5.1) 
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Table 5.2 Compounds identified from the gas chromatogram in Figs. 5.6 and 5.7 
CW/DVB Fibre DVB/CARlPDMS Fibre 
Compounds MW Ref" Retention Area Retention Area Time Quality ("10.7) Time Quality ("10'7) (min) (min) 
2-Methylbutanal 86 Y 9.01 87 2.36 
Pyridine 79 S 12.32 93 1.79 
2-Methylpyrazine 94 S 15.73 91 1.87 
2-Furancarboxaldehyde 96 YIS 16.24 91 7.21 
2-Furanmethanol 98 YIS 18.07 94 0.37 17.25 94 9.06 
2,6-Dimethylpyrazine 108 YIS 20.11 76 4.58 
5-Methyl-2-furancarboxaldehyde 110 S 22.72 68 0.25 22.67 89 2.59 
Phenol 94 S 23.29 70 2.27 
2-Furanmethanol acetate 140 YIS 24.02 94 0.80 24.03 94 9.36 
2-Ethyl-6-methyl-pyrazine 122 YIS 24.27 91 3.69 
2-Ethyl-5-methyl-pyrazine 122 Y 24.42 91 3.68 
2-Ethyl-3-methyl-pyrazine 122 Y 24.58 91 1.70 
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CW/DVB Fibre DVB/CARlPDMS Fibre 
Compounds MW Ref* Retention Area Retention Area Time Quality (x10·') Time Quality (X10·') (mint (min) 
1-[1 H-pyrrol-2-yl]ethaone 109 24.77 60 6.72 
1 H-pyrrole-2-carboxaldehyde 95 24.96 94 0.48 
2HydroxY-3-methyl-2-cyclopenten-1-one 112 Y 25.66 95 1.84 
3-Methyl-1,2-cyclopentanedione 112 25.88 87 0.12 
1-Ethyl-1 H-Pyrrole-2-carboxaldehYde 123 26.81 83 2.09 
2-Ethyl-3,5·dimethylpyrazine 136 Y/S 27.95 91 5.48 
2,2'-methylenebis- Furan 148 28.20 94 0.96 
2-Methoxyphenol 124 Y/S 28.54 94 2.32 
3-Ethyl-2-hydroxy-2-cyclopentene-1-one 126 29.77 95 0.87 
6,7 -Dihydro-5-methyl-5H-cyclopentapyrazine 134 Y 30.87 94 0.56 
2,3-Diethyl-6-methylpyrazine 150 31.21 76 0.80 
3,5-Diethyl-2-methylpyrazine 150 31.34 90 1.11 
2-[2-Furanylmethyl]-5-methylfuran 162 32.25 97 0.80 32.25 97 1.01 
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CW/DVB Fibre DVB/CARlPDMS Fibre 
Compounds MW Ref* Retention Area Retention Area Time Quality (><10.7) Time Quality (><10.7) (min) (min) 
1-[2-Furanylmethyl]-1 H-pyrrole 147 S 32,48 87 0.99 
2-[(Methyldithio )methyl]furan 160 33.94 93 0.47 33.94 93 0.62 
2,3-Dimethylpyrazine 108 Y/S 35.08 43 0.81 
4-Ethyl-2-methoxy-phenol 152 Y/S 36.35 91 1.14 36.33 91 1.60 
4-Butoxy-benzenamine 165 36.76 43 0.69 36.75 43 1.63 
2,2'-[Oxybis[methylenellbis-furan 178 37.09 87 0,49 37.09 76 5.67 
5-Butyl-2,3-dimethyl-pyrazine 164 37.51 72 0,43 
2-Methyl-2,2-dimethyl-propanoic acid 216 39.13 64 0.59 
2,4-diisocyanato-1-methyl- benzene 174 39.14 96 0.31 
1-[2-Furanylmethyl]-1 H-pyrrole 147 S 41.53 52 1.14 41.51 49 1.08 
2,4-Diphenyl-4-methyl-2-[Z]-pentene 236 51,49 74 0,43 
• Y : Yeretzian et al. (2003) 
S : Shirey and Sidisky (2001) 
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5.4 Identification of compounds 
These experiments aim to investigate suitable compounds for the coffee volatile 
compounds analysis and confirm the reproducibility of the developed methods. 
The previous experiments with instant coffee 'Fine Blend' were quite a stiff test, 
because a large fraction of the volatile components may have already been lost 
during dehydration. In the next series of experiments a fresh coffee was used to 
maximise the concentrations of volatiles. 
5.4.1 Material and methods 
Type of coffee 
The coffee used was roasted and ground coffee (RG coffee), medium roast type, 
manufactured by Douwe Egberts. 
Coffee sample preparation 
Hot water (750 g at about 95°C) was poured onto the RG coffee (250 g) in a 
flask, then mixed thoroughly and held for 15 min. The suspension was then 
filtered using a sieve size of 38 micron, yielding a solution with a total solid 
content of 8.64 % (measured using gravimetric analysis-see Section 4.3.3). 
HS-SPME GCIMS analysis 
Coffee solution made from roasted and ground coffee (RG coffee) was analysed 
by HS-SPME GC/MS with 5 repeats. 10 g of coffee solution was placed in a 20 
ml vial and hermetically sealed. The solution was heated in a water bath at 60°C 
for 60 min and extracted with a DVB/CARlPDMS fibre for 30 min by insertion into 
the vial headspace. The compounds were thermally desorbed in the GC injector 
for 5 min. The GC condition used was the KK14 method (see Table 5.1). 
5.4.2 Results and discussions 
The results from 5 replicates showed similar characteristic peaks, as shown in 
Fig. 5.8 for the first coffee solution. The retention times and the area of the peaks 
in the chromatogram are listed in Table 5.3. The chromatogram profiles of RG 
coffee showed similar compounds to instant coffee (Table 5.2) but had more 
intensity at equivalent solids concentration (compare Fig. 5.7 with Fig. 5.8). Some 
compound were mentioned by Grosch (2001) as good flavours in coffee e.g. 2,3-
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Pentanedione with a retention time of 10.12 min which was detected in RG 
coffee (see Table 5.3). 
Also, chromatograms from all 5 replicates showed significant peak areas for 2-
Methylpyrazine, 2-Furancarboxaldehyde, 2-Furanmethanol, 2,6-
Dimethylpyrazine, 5-Methyl-2-furancarboxaldehyde and 2-Furanmethanol 
acetate. These components were also identified in the chromatograms for the 
Fine Blend instant coffee, albeit with lower peak areas (Table 5.2). Nevertheless, 
this shows that a fraction of these volatiles aroma components are retained in 
commercial coffee products. Hence these compounds were selected as 
representative of coffee volatiles, because of their high relative percentages peak 
areas in the GC/MS chromatograms. 
In addition, all 5 replicate runs showed consistency of the retention time and peak 
area of all detectable compounds. The peak areas for the 6 selected compounds 
in this study are shown in Table 5.4 and have a maximum standard deviation 
which is less than 10% of the mean. 
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Figure 5.8 The gas chromatogram of RG coffee solution No.1 by HS-SPME 
technique, a DVB/CARlPDMS 50/30 Ilm Stable Flex fibre 
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Table 5.3 Compounds identified from RG coffee 8.64%TS with 
DVB/CARlPDMS Fibre 
DVB/CARlPDMS Fibre 
Compounds MW Retention Area 
Time (min) Quality (x10-8) 
2-Methylbutanal 86 9.08 87 1.12 
2,3-Pentanedione 100 10.12 52 0.68 
Pvridine 79 12.32 90 0.90 
2.Methylpyrazine* 94 15.74 91 1.69 
2-Furancarboxaldehyde* 96 16.37 95 5.30 
2-Furanmethanol* 98 17.37 94 4.98 
2,6-Dimethylpyrazine* 108 20.13 58 3.35 
5-Methyl-2-furancarboxaldehyde" 110 22.75 95 6.03 
Phenol 94 23.29 91 0.23 
2-Furanmethanol acetate" 140 24.06 94 1.40 
2-Ethvl-6-methvl-pvrazine 122 24.31 91 0.80 
2-Ethyl-5-methyl-pyrazine 122 24.45 90 1.06 
2-Ethyl-3-methvl-pvrazine 122 24.62 95 0.39 
1-Methyl-1 H-pyrrole-2-carboxaldehyde 109 24.80 52 0.98 
2 Hvdroxv-3-methyl-2-cvclopenten-1-one 112 25.69 60 0.10 
2-Ethyl-3,5-dimethylpyrazine 136 27.98 91 1.31 
2,2'-methylenebis- Furan 148 28.21 48 0.62 
2-Methoxvphenol 124 28.58 95 0.60 
6,7 -Dihydro-5-methyl-5H- 134 30.87 95 0.34 
cvclopentapvrazine 
2,3-Diethyl-5-methylpyrazine 150 31.25 76 0.22 
2-(2-furanylmethyI1-5-methyl-Furan 162 32.28 95 0.54 
1-(2-Furanvlmethvl)-1 H-pyrrole 147 32.52 81 1.01 
4-Ethyl-2-methoxy-phenol 152 36.38 91 0.52 
2,2'-[Oxvbis[methylenellbis-furan 178 37.09 91 0.34 
1-[2-Furanylmethyl]-1 H-pyrrole 147 41.54 43 0.26 
" 6 compounds in bold show significant peak areas 
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Table 5.4 Retention time and peak area of some selected compounds 
Retention Area (X10·8) 
time Compounds %RSD 
(min) No.1 No.2 No.3 No.4 No.5 
15.72 2-Methylpyrazine 1.69 1.57 1.56 1.36 1.36 9.63 
16.3 2-Furancarboxaldehyde 5.30 4.77 4.92 4.22 4.18 10.1 
17.38 2-Furanmethanol 4.98 4.80 4.73 4.65 4.64 2.94 
20.13 2,6-Dimethylpyrazine 3.35 3.17 3.15 2.81 2.84 7.52 
22.79 
5-Methyl-2-
6.03 5.90 5.92 5.23 5.13 7.55 
furancarboxaldehyde 
2-Furanmethanol 
24.01 1.40 1.32 1.38 1.16 1.18 8.75 
acetate 
5_5 Determination of linear range of concentrations 
Operation within the linearity range of signal vs concentration is an important 
requirement in the quantitative determination of compounds from GC/MS (see 
Fig.5.1). The purpose of the present study is to obtain quantitative information 
about the amount of volatile loss from coffee powders prepared by spray drying 
or spray freeze drying. Therefore, the quantitative concentrations of the volatile 
component markers will need to be determined using the GC/MS analysis. 
5.5.1 Material and methods 
Pure compounds 
The 6 compounds used as external standards in this experiment were 2-
Methylpyrazine,2-Furancarboxaldehyde, 2-Furanmethanol, 2,6-Dimethylpyrazine, 
5-Methyl-2-furancarboxaldehyde and 2-Furanmethanol acetate (See property 
details in Section 4.2.3). 
Standard solution preparation 
A standard stock solution of each compound was prepared by mass at about 200 
ppm in deionised water. The required concentrations for the calibration 
experiments were prepared by serial dilution of the stock solution. 
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HS·SPME GC/MS analysis 
Solutions of the volatile compounds in different concentrations were analysed by 
HS·SPME under the same experimental conditions. 10 ml of standard solution 
was placed in a 20 ml vial and hermetically sealed. The solutions were heated in 
a water bath at 60°C for 60 min and extracted with a DVB/CARlPDMS fibre for 
30 min by insertion into the vial headspace. The compounds were thermally 
desorbed in the GC injector for 5 min. The GC condition was used the KK14 
method (see Table 5.1). A plot of concentration (ppm) of solution versus peak 
area from chromatogram was used to obtain a calibration curve. 
5.5.2 Results and discussions 
In the first stage, compounds of 2·Methylpyrazine, 2·Furancarboxaldehyde, 2· 
Furanmethanol, 2,6 Dimethylpyrazine, 5·Methyl·2·furancarboxaldehyde and 2-
Furanmethanol acetate were used as the external standard because of their 
significant peak areas (referred to Table 5.3). However, the result from stock 
solution preparation showed that compounds 2,6 Dimethylpyrazine and 2-
Furanmethanol acetate were unsuitable to use as external standards because of 
their poor solubility in water. 2,6 Dimethylpyrazine is a solid compound and is 
almost insoluble in water whereas 2-Furanmethanol acetate is an immiscible 
liquid. These compounds were eliminated leaving 4 volatile markers. 
Linear range concentration 
The calibration curves of four pure compound solutions were obtained from the 
SPME technique using an equilibrium temperature at 60°C and 30 min for the 
extraction time, using the DVB/CARlPDMS fibre. The calibration curves are 
shown in Figs. 5.9-5.12. These curves illustrate the same trends that at the low 
concentration (less than about 30 ppm) the peak area is proportional to the 
concentration, whereas at higher concentration the curve is non-linear. For 2-
Furanmethanol, the calibration curve shows a wider linear range up to 100 ppm. 
The sampling method using SPME involves two equilibration processes: (i) 
equilibrium between the coffee solution and the head space vapours and (ii) 
equilibrium between the heads pace composition and adsorbed species 
concentration on the surface of the SPME fibre. The aroma components in the 
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liquid coffee solution are always present in low concentrations and hence process 
(i) is likely to follow a linear equilibrium relationship (Henry's law). At low 
concentrations the vapour-fibre equilibrium will be linear. However, as the vapour 
concentration increase, the various species will compete for adsorption sites 
leading to non-linear behaviour, and different calibration curves, depending on 
the mixture composition (see next section). 
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Figure 5.9 Calibration curve for 2-methylpyrazine equilibrated at 60·C 
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Figure 5.10 Calibration curve for 2-Furancarboxaldehyde equilibrated at 60·C 
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Figure 5.12 Calibration curve for 5-Methyl-2-Furancarboxaldehyde equilibrated 
at 60·C 
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Effect of competitive extraction 
To investigate the effect of competitive extraction, mixtures containing various 
combinations of compounds were analysed and compared with calibration curve 
for the pure compounds. Solutions containing a single component (pure), with the 
concentrations given in Table 5.5 were prepared. Mixtures containing the same 
concentrations of each species were also prepared. 
In Figure 5.13 the solid triangles show the measured peak areas for the 
concentration of each pure compound solution shown in Table 5.5. The other 
symbols indicate measured peak areas for various mixtures of these compounds, 
but at the same concentration as in' the pure compound calibration runs. The 
mixture peak areas are not all equal and all fall below the pure compound values. 
This indicates that the adsorbed quantities on the fibre are less than for the pure 
case, i.e. competition effects are present. This is not useful as an analytical 
method. Since the calibration depends non-linearly on concentrations of all the 
components in the mixture. This result showed that the competition effects take 
place when the concentration exceeds the linear limits. Many researchers show 
such examples of competition e.g. Robert et al., (2000). Volatile compounds in 
coffee present in ppm or ppb level (Bomben et al., 1973), therefore the interaction 
effects were not evaluated in this study. 
To obtain unique calibration curves for arbitrary composition mixtures requires 
sufficient dilution of the samples that each components in its linear calibration 
range. A possible non-linear deviation may be caused by large amounts of 
extracted analytes on the SPME fibre with subsequent competition for adsorption 
sites. The sensitivity of the detector may also limit the linear response of the 
GC/MS technique (HGbschmann, 2001) although mass selective detector (MS) 
has excellent sensitivity. A solution is to limit the amount of sorption onto the fibre 
and to avoid excess analyte going through GC detector; a shortened sampling 
time was recommended to reduce the exceed analyte amount on fibre (Robert et 
al., 2000). Although the system is not fully equilibrated, whenever the sampling 
time is kept constant, the amount of adsorbed analyte onto fibre will be 
proportional to the sample concentration in non-equilibrium conditions (Ai, 1997). 
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Table 5.5 Concentrations of each selected compounds in mixture 
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Figure 5.13 Responses of each selected compounds in various mixtures at 
60·C (refer to Table 5.5) 
5.6 Optimisation of conditions and calibration 
As mention in Section 5.4 , to obtain a concentration in the linear range, a 
shortened sampling time was used . In addition , to prevent water causing trouble 
in the GC/MS a lower equilibrium temperature was used as suggested by Robert 
et al. (2000). The vapour pressure of water at 60· C is 149 mm Hg whereas at 
25·C is 24 mm Hg. Dilution was also mentioned as an alternative method to 
lower concentration . 
To check the linearity of measurement in rea l coffee solutions, a coffee strength 
experiment was conducted using RG coffee at 10% w/w. The 100% strength 
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coffee contained 2.78% total solids; this was subsequently diluted to 50% and 
25% coffee strength. Coffee samples were equilibrated in a water bath at 25°C 
for 60 min and extracted by HS-SPME for 10 min. Then thermal desorption 
occurred in the GCIMS for 5 min. 
The chromatograms from the coffee strength experiment are shown in Fig . 5.14 
and the retention times and peak areas of some selected compounds are 
presented in Table 5.6. The results reveal that the extracted amounts of selected 
compounds are proportional to their original concentration . In general, the 
concentrations of compounds were in linear range and so there should be no 
need to dilute real coffee samples in future analyses. 
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Figure 5.14 Chromatogram of coffee strength 
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Table 5.6 Retention time and peak area of some selected compounds 
Peak % area of full 
Retention area of strength Selected 
time 100% 50% 25% 
compounds 
(min) strength strength strength 
(x10·7) brew brew 
9.08 2-Methylbutanal 1.76 45.5 nd" 
10.12 2,3-Pentanedione 0.84 nd" nd" 
15.75 2-Methylpyrazine 1.17 51.5 23.5 
2-
16.26 2.30 53.1 27.6 
Furancarboxaldehyde 
17.24 2-Furanmethanol 3.09 49.2 19.8 
20.12 2,6-Dimethylpyrazine 1.57 51.5 24.2 
22.67 
5-Methyl-2-
1.36 55.1 23.9 
furancarboxaldehyde 
2-Furanmethanol 
24.01 1.22 49.5 21.4 
acetate 
" nd: Not detected 
From the chromato9rams of this experiment (sampled at 25°C) it was found that 
2-Methylbutanal and 2,3-Pentainedione showed si9nificant peaks in coffee brew 
solutions. These compounds are classified as good volatiles compounds in coffee 
(Grosch, 2001) as mentioned in Section 5.4.2. Therefore , these 2 compounds 
were also selected as external markers. The properties of these compounds are 
shown in Section 4.2.3. 
From good results of this study, the sampling conditions at a temperature of 25°C 
for 60 min and a 10 min extracted time by HS-SPME fibre will be used as 
standard method for analysing coffee volati le compounds. 
- 90-
Chapter 5 Analysis of Coffee Volatile Compounds 
Calibration curve sampled at 25°C 
The data for the calibration curves were sampled at a temperature of 25°C and a 
10 min sampling time are shown in Fig . 5.15. The optimised sampling condition 
show good responses in the linear range; the slopes and linear ranges differ for 
each compound. The linear detectable range of each compound with the 
correlation coefficient for the linear regression is presented in Table 5.7. 
Among selected compounds extracted by DVB/CAR/PDMS fibre. compounds 2-
Methylbutanal shows the highest sensitivity. In addition 2-Furanmethanol shows 
the lowest sensitivity. therefore its linear range is wider and more concentrated 
solutions may be measured. 
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Figure 5.15 Sensitivity of selected compounds on SPME 
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Table 5.7 Linear range of selected pure solutions 
Linear Range Correlation 
No. Compounds (ppm) coefficient 
1 2-Methylpyrazine 3-13 0.9849 
2 2-Furancarboxaldehyde 1-4 0.9762 
3 2-Furanmethanol 10-100 0.9977 
5 5-Methyl-2-furancarboxaldehyde 2-8 0.9791 
7 2-Methylbutanal 1-4 0.9868 
8 2,3- Pentanedione 1-8 0.9992 
5.7 Validation of calibration curve 
The calibration curves of pure solutions were compared against the peak areas of 
mixture with known components concentration , to validate the method. Figs. 
5.16 - 5.21 show the different responses for each compound in mixture solution in 
comparison with the pure compound linear regression. The percentage values in 
these figures refer to the percentage difference between the experimental data of 
the mixture and the linear regression line. The concentrations of each compound 
in mixture solutions are shown in Table 5.8. 
Table 5.B Concentrations of each selected compounds in mixture sampled at 
25°C 
Concentration (ppm) 
Compound 
Mixture1 Mixture2 Mixture3 
2-Methylpyrazine 3.28 6.57 9.85 
2-Furancarboxaldehyde 2.32 3.48 1.85 
2-Furanmethanol 90.5 36.2 18.1 
5-Methyl-2-furancarboxaldehyde 2.21 1.11 2.76 
2-Methylbutanal 1.64 0.82 0.41 
2,3- Pentanedione 1.92 0.96 0.48 
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Figure 5.20 Calibration curve of 2-Methylbutanal sampled at 25°C 
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Figure 5.21 Calibration curve of 2,3-Pentanedione sampled at 25°C 
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From testing with the mixture solutions, a precise point of the linear range of each 
compound may be obtained (See Table 5.9). At lower concentrations, outside the 
linear ranges the deviation from the linear curve tended to be higher. 
Table 5.9 Linear range of selected compounds 
Compounds Linear Range (ppm) 
2-Methylpyrazine 8-13 
2-Furancarboxaldehyde 1-4 
2-Furanmethanol 30-90 
5-Methyl-2-furancarboxaldehyde 2.5-8 
2-Methylbutanal 0.8-4 
2,3-Pentanedione 4-8 
If the concentration of compounds used fall within the linear ranges shown in 
Table 5.9, then the responses of these compounds will correspond to within 10% 
of the pure solution calibration . Within these linear ranges the effects of 
competition were not significant. In Figures 5.16-5.21 the mixture concentrations 
outside of the linear ranges show large differences from the linear regression 
because of the limitation of the detector (see Section 5.2). For the results of the 
concentration of 2,3-Pentanedione in the range 0.48-1 .92 ppm, the percentage 
difference values are greater than 50%. For a concentration of 0.48 ppm this 
compound was not detectable. 
The results from all the calibration curve experiments show that this methodology 
is useful for quantitative analysis of flavour aromas from coffees that have 
undergone various drying processes. 
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5.8 Conclusions 
In this research, the GC/MS method was developed for coffee volatile analysis. 
For the SHS study revealed that splitless mode injection into the GC was more 
useful method than split mode injection but was still not sensitive enough for 
quantitative analysis. The sampling techniques study showed that the headspace 
solid phase microextraction (HS-SPME) technique was more suitable than the 
static headspace technique; the HS-SPME method concentrates the headspace 
volatile components onto the fibre , prior to injection into the GC/MS. Two types 
of fibres were investigated - CW/DVB and DVB /CARl PDMS fibres. The result 
showed that the latter fibre allowed better extraction of the volatile coffee 
components, due to the triple composition coatings of the DVB/CARlPDMS fibre. 
Thus this fibre was selected for further study. 
To quantify the volatile components in coffee, suitable compounds were identified 
and the results showed that 2-Methylpyrazine, 2-Furancarboxaldehyde, 2-
Furanmethanol , 2,6-Dimethylpyrazine, 5-Methyl-2-furancarboxaldehyde and 2-
Furanmethano acetate were representative of coffee volatiles because of their 
major peaks in the GC/MS chromatograms. However, 2,6-Dimethylpyrazine and 
2-Furanmethanol acetate were unsuitable to use as external standards because 
of their poor solubility in water. 
The calibration curves of four pure compound solutions were obtained from the 
SPME technique using an equilibrium temperature at 60·C and 30 min for the 
extraction time , using the DVB/CARlPDMS fibre . The calibration curves showed 
that at the low concentration (less than about 30 ppm) the peak area is 
proportional to the concentration, whereas at higher concentration the 
relationship is non-linear. In addition , the effect of competitive extraction was 
investigated by using mixtures containing various combinations of compounds 
and comparing such solutions with calibration curves for the pure compounds. 
The result showed that competition for adsorption sites occurred that meant the 
concentration exceeded the linear limits. Thus a possible non-linear deviation 
was caused by the amount of extracted analyte on the SPME fibre. Lower 
temperature, a shortened sampling time and sufficient dilution of the samples 
were applied to reduce the amount of analyte on fibre. 
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To check the linearity of measurements in the real coffee solution , a coffee 
strength experiment was examined by using RG coffee contained 2.8% total 
solids, which was diluted 2 times and 4 times, respectively. Coffee samples were 
equilibrated in water bath at 25°C for 60 min, extracted by HS-SPME for 10 min, 
and then thermal desorbed in the GCIMS for 5 min. The results showed that the 
concentration of selected compounds were in their linear range . This sampling 
condition revealed 2 more suitable compounds which were representative of 
coffee volatiles, 2-Methylbutanal and 2,3-Pentanedione. 
The calibration curves obtained using a temperature of 25°C and 10 min 
sampling time showed good responses in the linear range ; the detectable range 
depended on the compound . The calibration curves of pure solutions were 
compared against results obtained from mixtures containing known 
concentrations. When used within their linear range, the responses of these 
compounds were close with the pure solution calibration « 10% error). Within the 
linear ranges the effects of competition onto the fibre were not significant. 
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Chapter 6 Evaluation of Preconcentration Processes 
6.1 Introduction 
In the processing of a number of food products, some or all of the water is 
removed to improve microbiology stability, retard deteriorative chemical reactions 
and reduce weight and volume for storage and transportation. In general , 
concentration processes are used to reduce the water content to about 30 %, 
whereas in contrast drying processes reduce the water content to less than 10% 
(Thijssen, 1974a). However, concentration processes are usually more energy 
efficient and therefore when producing dried powders from dilute solutions the 
usual commercial practice is to first concentrate the solution to around 30% 
moisture content before performing the drying step. This generally results in a 
better quality product, as well as being more energy efficient. 
Evaporation (or distillation) is the most common unit operation used for food 
concentration processes. Evaporation takes place by the addition of heat which 
may cause thermal degradation problems, such as flavour changes, loss of 
vitamin content and other nutritional properties (Muller, 1967). Moreover, in the 
process of evaporation many volatile compounds are removed along with the 
water vapour. One way to improve aroma retention is to separate the volatiles 
components coming off from the initial stages of a distillation and then to add 
these back to the concentrated solution (Clarke, 2001). 
Freeze concentration is an alternative concentration process and involves a 
separation of pure ice crystals from the concentrate. This process is a low 
temperature processing and therefore there is a possibility of high volatile 
retention. However, the disadvantage of freeze concentration is product 
entrainment within the separated ice and high processing costs, which can be 3-
10 times higher than evaporation processes (Thijssen, 1974b). 
In coffee processing, evaporation and freeze concentration are both used to 
increase the fraction of soluble solid in the coffee extract before subsequent 
drying. It is accepted that volatile compound retention strongly depends on the 
initial solids content in the coffee extract to be dried. Solid concentrations in the 
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range 30-50% w/w have been identified as resulting in good volatile compound 
retention (Menting and Hoogstad, 1967; Clarke, 2001). 
The experiments in this chapter have three main aims, to : 
i) investigate the use of UVNIS spectrometry to determine the total solid 
content in a coffee solution; 
ii) investigate different laboratory preparation methods for concentrating 
coffee for use in subsequent drying experiments; 
iii) determine the composition changes of the volatile components during 
evaporation of coffee solution . 
6.2 Determination of total solids content in coffee solution 
Generally the gravimetric method is used to determine the total solid contents in 
coffee solutions. However, this method is time-consuming (of the order of 48 
hours is required for complete drying) and so an alternative technique using 
UVNIS spectrometry was investigated. 
6.2.1 Total solid analysis by gravimetric method 
In this study the method to analyse the solid content in coffee was based on the 
AOAC Method 973.21 "Solids (Soluble) In Roasted Coffee" by using 25 ml of 
coffee sample and drying in 110°C air oven until the weight is constant 
(AOAC,1995). 
6.2.2 UVNIS spectrometry 
UVNIS spectroscopy involves the determination of the intensity of light 
transmitted through an absorbing sample, compared to a blank sample. The 
blank sample is used as a reference to offset the effects due to reflection, scatter 
and absorption by the solvent and sample holder (Frost et al., 1993). The 
objective of this experiment is to study the feasibility of using this method to 
analyse the solids content in coffee solution by determining the degree of 
correlation between the solids content in coffee measured gravimetrically and the 
absorbance measured by the UV equipment. 
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The absorbance of coffee samples was determined by using a Perkin Elmer 
UVNIS spectrometer Model Lambda12 as shown in Fig. 6.1. This model is a twin 
beam spectrometer that measures the sample and the reference at the same 
time. The light from the source is split into two equal beams which then pass 
through the test sample and the reference sample. To examine the absorbance, 
3 ml of sample is loaded into the spectrophotometric cell and deionised water is 
loaded into the reference cell. A wavelength range from 300 nm to 800 nm was 
scanned to determine the most suitable wavelength for analysis of the coffee 
sample. 
light absorption follows the Lambert-Beer law, such that the absorbance is given 
by 
I Absorbance = f = exp(,8(:t )cL) (6 .1 ) 
where 10 and I are the incident and transmitted light intensities, respectively, 
~:t) is a wavelength dependent extinction coefficient, C is the solute 
concentration and L is the length of the light beam . At low concentrations, 
,8(:t)CL « I and hence using a Maclaurin expansion 
I 
...Q. = exp(,8(:t)cL) = 1 + ,8(:t)cL 
I 
(6.2) 
In other words the calibration curve should be linear at low concentrations. The 
wavelength for the measurement should be chosen to maximise the extent of the 
linear cal ibration range. 
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Figure 6.1 Perkin Elmer UVNIS spectrometer Model Lambda12 
6.2.3 Sample preparation 
The coffee samples were prepared from brewing roast ground (RG) coffee with 
hot water (about 95°C) , mixed thoroughly and held for 15 min, followed by 
filtration using either paper filter Whatman no. 542 or sieve size 38 ~lm . These 
solutions were taken to create further samples by dilution with distilled water. 
Details of the sample preparation are shown in Table 6.1.The total solid contents 
of these samples were examined gravimetrically (see Section 6.2) and are shown 
in Table 6.2. 
Coffee concentrate and slush prepared from freeze concentration method (see 
Section 6.3) were analysed for their solids content by the absorbance measured 
using the UV equipment. 
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Table 6.1 Coffee sample preparation 
Mixture Filtration Brewed coffee 
Coffee 
concentration 
sample RG coffee Hot pore size 
Filter (%TS) (9) water (9) (1J.Il1) 
Paper filte r 
RG5% 20 380 Whatman 2.7 1.88 
nO.542 
Paper filte r 
RG10% 40 360 Whatman 2.7 3.32 
nO.542 
RG 
250 750 Sieve mesh 38 8.64 
25% 
Table 6.2 Concentration of diluted coffee solution 
Dilution Concentration 
Coffee sample 
factor (%TS) 
1 x1 1.88 
RG 5% 2 x4 0.50 
3 x16 0.12 
1 x1 3.32 
RG10% 2 x4 0.90 
3 x16 0.19 
1 x1 8.64 
2 x2 4.32 
3 x4 2.16 
RG25% 
4 x8 1.08 
5 x12 0.54 
6 x1 6 0.27 
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6.2.4 Results and discussion 
The absorption spectra shown in Fig 6.2 are for the RG 25% coffee sample at 
different concentrations. 
o L-------~------~-------J--------~----~ 
300 400 500 600 700 800 
Wavelength(nm) 
Figure 6.2 Absorption spectra of RG 25% coffee solutions at the wavelength 
300-800 nm. Each curve is labelled with the coffee sample number 
The figure suggests that a wavelength of 600 nm would be sensitive over a 
reasonable range of concentrations. A wavelength of 600 nm gave a linear 
relationship while any other wavelength gave a non-linear trend , as shown in 
Fig .6.2. The linear range is up to about 1.5% w/w total solids , which would 
require significant dilution of each coffee sample. In addition , coffee samples of 
RG 5% and RG 10% gave the same results in the linear range. However, RG 
25% coffee sample gave a slightly lower gradient. This result was caused by 
different numbers of suspended particles in the sample caused by using different 
pore sizes in the filtration stage. The RG 5% and RG 10% coffee samples 
contained particle sizes up to 2.7 flm whereas RG 25% coffee sample contained 
particle sizes up to 38 flm and thus contained more particles (in the range 2.7 to 
38 ~lm) . This increased the absorbance of the sample. Absorbance 
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measurements for the coffee concentrate and slush obtained from freeze 
concentration are also shown in Fig. 6.3. Concentrate and slush were prepared 
from the RG 10% coffee sample but their absorbances are corresponding with 
the RG 25% coffee sample relationship. This result may be caused by freeze 
concentration process that changed the numbers of particles in the samples . 
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Figure 6.3 The absorbance of different coffee concentration at the wavelength 
600 nm 
The main reason to use UVNIS spectrometry is that it is a simple and fast 
method to quantify the sol id content in coffee. However, the result shows that this 
method is only suitable for low concentrations and is dependent on the particle 
size contained in the suspended solids. Coffee samples having the same solid 
content, but a different distribution of particle size would give a different result in 
the UVNIS. So, despite its convenience, this absorbance method will not be used 
to determine the total soluble solids content of a coffee solution in this research. 
6.3 Freeze concentration 
Freeze concentration is one possible method for concentrating a coffee solution. 
A freeze concentration process consists of an ice crystallisation unit and an ice 
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crystal separation unit. Water is first isolated from the aqueous solution by 
crystallisation and then the ice crystals are separated from the concentrated 
liquid as shown in Fig . 6.4. Freeze concentration has an advantage of lower 
volatile loss because of low temperature processing. 
Fee d Crystallisation Crystal Filtration Ice 
unit suspension unit Concentrate 
Figure 6.4 Schematic diagram of freeze concentration process 
The freeze concentration method in this experiment was achieved using the 
following procedure: 40 g of RG coffee was brewed in 360 ml of hot water (about 
95°C), mixed and held for 15 min then filtered with Whatman paper filter no.542 
(2.7 J,lm particle retention), resulting in a 3.32% solids content in the filtered 
solution. This solution was then cooled in a bath at -rc for 1 h, whilst stirring to 
form ice crystals; it was then separated by a 600 J.lm sieve. The slush and coffee 
concentrate obtained by this method are shown in Fig . 6.5. Analysis of the sol id 
content of the coffee concentrate and slush was performed using the gravimetric 
method. It was found that the solid content of coffee concentrate increase to 
4.70% total solid ; the remaining coffee was trapped in the slush with a 
concentration 0.49% total solid . 
- 106 -
Chapter 6 Evaluation of Preconcentration Processes 
Figure 6.5 Slush and coffee concentrate 
These results showed that this freeze concentration procedure can be used to 
increase the solids concentration from 3.3% to 4.7%TS. However, the feed 
material for spray drying needs to be about 20-30% soluble solids. Therefore 
many stages of freeze concentration would be needed to obtain the desired 
concentration . Considering the volume of coffee concentrate required for use in 
the spray drying experiment, this is not practical using the equipment available. 
6.4 Pressing process 
A method to improve the recovery of the coffee solution from the coffee grounds 
was investigated using a hydraulic press. This press does not in itself 
concentrate the coffee; it simply improves the recovery of solution from the coffee 
grounds. The initial coffee solution can be brewed to a high concentration using a 
higher percentage of RG solids. The concentrated solution can then be 
recovered from the interstices between coffee grounds. A diagram of the press 
used in this experiment is shown in Fig. 6.6 which is capable of achieving a 
hydraulic pressure of up to 10,000 psi. To test this press, a coffee mixture of 
250 g RG coffee with 500 g cold water was filled into the high pressure vessel. 
The pressure was applied to separate the soluble solid from the coffee grounds. 
The hydraulic pressure was used up to 6,000 psi. A small amount of coffee 
extract (about 50 ml) was obtained with a concentration of 16% TS. In 
comparison a 12% solids content could be obtained using a hot water extraction 
and filtration using a cloth mesh, as described in section 6.5.1. The low yield was 
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caused by coffee particles blocking the sintered metal filter at the exit from the 
hydraulic press. To improve the performance of the press, the filter was changed 
to a wider pore size of 600 ~m. However, the solids concentration and yield were 
not better, and it was only possible to use a lower pressure of about 1,000 -2,000 
psi. Thus these results show that the pressing process was not suitable to use 
because of the difficulty of operation to achieve large quantities (litres) of 
concentrated feed stock for the subsequent drying processes. 
Coffee extract 
Filter 
Coffee solution 
High pressure vessel 
Piston 
Seal 
Hydraulic oil 
Figure 6.6 Diagram of the pressing process 
6.5 Evaporation/distillation 
Evaporation is the most commonly used method to concentrate coffee extracts. 
However, as the water evaporates, so also do the volatile compounds, thus 
removing important aroma and taste materials from the concentrated product. To 
compensate for aroma loss in coffee concentrate, the volatiles from the vapour 
leaving the evaporator in the initial stages may be condensed and added back 
later to the concentrated coffee. The objective of this study is to determine the 
changes in the composition of the volatile components leaving during evaporation 
of a coffee solution. 
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6.5.1 Material and Methods 
Coffee solution: Hot water 5 L (at about 95°C) was poured onto the RG coffee 
(2500 g) in a flask then mixed thoroughly and held for 10 min. The coffee mixture 
was then poured into a filter rig (Fig. 6.7) with a pore size of 300 ~lm ; a further 
filtration was performed with a cloth filter of mesh size 150 ~lm , yielding 1900 g 
coffee extract with a 12 % total solid content (measured gravimetrically) . 
Figure 6.7 A filter rig 
Evaporation/distillation conditions: The rotary evaporation system consisted of 
a Rotavaporator, a condenser and a vacuum system as shown in Fig . 6.B. Both 
tap water (15°C, "Run 1 ") and antifreeze (1 °C, "Run 2") were used to study the 
effect of the condenser operating temperature on the recovery of volatile 
components. The coffee extract 1900 g was loaded into the rotary evaporator 
which was immersed in a water bath set at 75°C and the vacuum pressure 
applied was set at 200 mmHg absolute pressure . Distillate was collected every 
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50 ml to analyse the volatile compounds that had been lost using the HS-SPME-
GC/MS method described in Section 5.6. 
HS-SPME-GC/MS analysis: This used the KK14 method (see Table 5.1). 10 ml 
of sample was filled into a vial which was then hermetica"y sealed. The sample 
vial was equilibrated in water bath at 25°C for 60 min and extracted with a 
DVB/CAR/PDMS fibre for 10 min then thermal desorbed in the GC/MS for 5 min. 
Coffee solutions were analysed both before and after evaporation. The 
compositions of coffee solution and distillate were calculated using the linear 
calibrations obtained previously (see Section 5.6). 
Vacuum gauge 
Temperature 
Condenser unit controller 
To aspirator c:::::::J 
Distitlate Water bath 
Figure 6.8 Diagram of the evaporation/distillation 
6.5.2 Results and Discussion 
Coffee concentrate with 27.3% TS and 21 .6% TS were obtained from the 
evaporation process Run 1 and Run 2 with the evaporation time 5.30 hand 
4.30 h, respectively. Selected volatile compounds were used as suitable markers 
for the aroma components in coffee (see Section 5.4) . 
Fig . 6.9 shows the volatile retention of selected compounds in coffee solutions 
after distillation using a 15°C condenser temperature (Run 1) and a 1°C 
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condenser temperature (Run 2). The results showed that many of volatile 
components were removed along with water during the evaporation that caused 
the major volatile loss in the coffee concentrate. It can be seen that to obtain the 
coffee extract with 21 .6% T8 concentration , less than 10% of the selected volatile 
compounds were reta ined in the solution ; an exception is compound no.3, 2-
Furanmethanol, of which more than 50% was retai ned in the coffee concentrate. 
2-Methylpyrazine was nearly completely lost as it was not detectable in the 
residue. As expected , the longer distillation processes produced the higher solid 
contents solution but greater loss of volati les. 
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Figure 6.9 Volatile retention of selected compounds after evaporationl 
distillation coffee solutions 
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Thermodynamics of volatile compounds 
If the vapour phase is an ideal gas and the liquid phase is an ideal solution, then 
according to Raoult's law (Smith et al., 2001), the partial pressure of compound i 
is 
where XI is a liquid-phase mole fraction 
y/ is a vapour-phase mole fraction 
(6.3) 
p; is the vapour pressure of pure compound i at the temperature of the 
system 
PT is the total pressure of the system 
The relative volatility of compound i with respect to water as the reference may 
then be defined as 
where 
The K-values for Raoult's law are given simply by 
K . = EL.. 
, P 
T 
therefore, the relative volatility is 
a 
_ K, _ p; 
/w - - . 
Kw Pw 
For the modified form of Raoult's law (non-ideal solutions): 
(6.4) 
(6.6) 
(6 .7) 
(6.8) 
where YI is the activity coefficient of compound i and provides a correction factor 
for non-ideal mixing behaviour. 
Therefore, the relative volatility of compound i with respect to water in a non-ideal 
solution is 
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(6.9) 
The distillate parts were also analysed for the amount of volatile components. 
Figure 6.10 shows the concentration of selected compounds in the distillate with 
a 15°C temperature condenser. The results showed that a large amount of 
volatile components were detected in the distillate. The concentration of these 
selected compounds tended to decrease in each subsequent part of distillate that 
was collected . However, Table 6.3 shows that the majority of the markers have 
higher boiling points than water, so for ideal solutions the vapours formed should 
be richer in water than the liqu id left behind and hence their concentration should 
increase with time in the distillate collected. Clearly these solutions of the marker 
components in water are far from ideal. 
Table 6.3 presents literature values of the relative volatility of the various volatile 
compounds in aqueous solution at infinite dilution. The data shows that 2-
Methylpyrazine, 2-Furancarboxaldehyde, 5-Methyl-2-Furancarboxaldehyde and 
2,3-Pentaned ione are more volatile than water (infinite dilution relative volatilities 
are greater than unity) and hence they are likely to be lost during evaporation and 
concentration, even though these pure compounds have higher boiling points 
than water. Therefore, it can be seen from Fig. 6.10 that the distillate is enriched 
(compared to the liquid) with these markers. They come off as vapours in greater 
proportion to water than they exist in the liquid and hence as time passes their 
composition falls. 
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Table 6.3 
Compound 
no. 
1 
2 
3 
5 
7 
8 
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Normal boiling points and relative volatilities of the selected marker 
compounds 
Name 
BP (OC ) a;: at a ~ 2 at 1 
60°C1 
IW 
atm 
2-Methylpyrazine 134-136 19.3 5.4 (at T=80°Cl 
5.6 
(at T=158 .r C, 
2-Furancarboxaldehyde 162 78 
P=605070.4 Pal 
6.1 
(at T=168 .r C, 
P=769816.9 Pal 
0.9 
2-Furanmethanol 170 - (at T=40°C, 
P=7332.73 Pal 
5-Methyl-2 - 6.3 187-189 - (at T=51 .2°C, furancarboxaldehyde P=13332.2 Pal 
2-Methylbutanal 90-92 - -
2,3-Pentanedione 110-115 92 -
, Data from Grosch, 2001 
2 Calculated from Eq. (6.4) using data from DECHEMA, 2001 
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Figure 6.10 Concentration of selected compounds In disti llate with a 15°C 
temperature condenser 
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Figure 6.11 illustrates concentrations of volatile compounds in the distillate 
samples using the two different condenser temperatures. The result shows that 
the concentrations of compounds are broadly similar for the two condenser 
temperatures. The condenser with the lower temperature took less time for the 
evaporation of water from liquid phase. 
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Figure 6.11 Concentration of selected compounds in distillate with a 15DC 
temperature condenser (C1-C5) and a 1°C temperature condenser 
(CA1 -CA5) 
Figure 6.12 shows the accumulation of compounds in the condensate with a 
15D C temperature condenser. The results show that the first 3 batches of 
condensate contain about 40-60% of these volatile compounds. However, adding 
back the first 3 batches would reduce the solid contents of the coffee to well 
below the level required (20%), even if the water in the base coffee was 
evaporated almost completely. 
Based on this, the first 10% of water content could be collected and added back 
later to the concentrate coffee to improve the volatile retention (Clarke, 2001). At 
one stage, this looked to be an attractive option for producing concentrated feeds 
for spray or freeze drying which contained significant amounts of volatiles. 
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However, the evaporation process is slow and only a small amount of 
concentrate could be formed from each batch, Therefore, an alternative method 
using coffee powder and synthetic markers was developed, as described in 
Section 4,2.4, 
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Figure 6.12 Components recovery in condensate (cumulative) with a 15°C 
temperature condenser 
6.6 Volatile components of coffee concentrate 
Coffee concentrates obtained from vacuum evaporation were investigated to 
determine the amount of volatiles remaining in coffee solution , Comparison was 
also made to coffee concentrates in which the first 10% of the distillate was 
added back. 
6.6.1 Coffee so lution preparation 
RG coffee without add back: Th is solution was prepared using the method 
detailed in Section 6,5.1, 950 g of coffee solution with 24% total solid (TS) was 
produced, 
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RG coffee with add back: This solution was prepared using the method detailed 
in Section 6.5.1. 885 g of coffee concentrate with 25.8% TS. Then 208 g of 
volatile distillate was added back to the coffee concentrate, yielding 1093 g of 
coffee solution with 20.8% TS. 
6.6.2 GC/MS analysis 
Coffee samples were diluted to the concentration of 20% TS solution and volatile 
components were analysed with the same method as in Section 6.5.1 . 
6.6.3 Results and discussions 
Coffee concentrate obtained from evaporation was investigated by GC-MS to 
determine the amount of volatiles remaining in coffee (see Fig . 6.13). The 
concentration of selected compound in coffee solutions were calculated by using 
their calibration curves (see Section 5.6) and are shown in Table 6.4. The result 
shows that the majority of selected compounds in coffee concentrate (without 
adding distillate back) were not detected when analysed at the concentration of 
20% TS solution (only 2-Furanmethanol was detected in any significant amount) 
whereas the selected volatile compounds in coffee concentrate with added 
distillate present in significant amounts. Therefore, adding the distillate back is 
another method to improve volatile components in coffee concentrate (as 
mentioned by Clark, 2001). 
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Figure 6.13 Chromatogram of RG coffee solution with add back and without add 
back 
Table 6.4 Volatile component of RG coffee after evaporation with add back 
and without add back 
Retention 
Concentrat ion (ppm) 
time (min) Compound no. and name Coffee Coffee 
with add without add 
back back 
15.74 1 2-Methylpyrazine 22.1 nd* 
16.37 2 2-Furancarboxaldehyde 20.0 1.87 
17.37 3 2-Furanmethanol 774 483 
22.75 5 
5-Methyl-2-
0.92 nd 
furancarboxaldehyde 
9.08 7 2-Methylbutanal 0.92 nd 
10.12 8 2,3-Pentanedione 4.44 nd 
*nd : not detected 
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6.7 Conclusions 
Drying coffee, either by spray drying or spray freeze drying, requires a high 
soluble solids content of 20-30% wlw in the feed solutions. Thus a concentration 
process is a necessary pre-requisite stage in the drying of liquid foods. An 
objective of the current research is to identify methods and operating conditions 
that minimise aroma losses during drying. Therefore for the concentration and 
drying processes there is a need to retain a large fraction of the volatile 
components, to produce aromas in the rehydrated product. 
The standard gravimetric method to determine the total soluble solids content of 
a coffee solution was described. A UVIVIS spectrometric method was 
investigated as a fast and simple alternative method to determine the solid 
content of coffee solutions. However, the linear ca libration range of this method 
was restricted to low soluble solids contents « 1.5 % w/w) and the calibration 
depended also upon the particle size distribution, so this did not prove to be a 
practically useful technique. 
Freeze concentration , pressing and evaporative concentration were all 
investigated as methods to prepare more concentrated coffee extracts. Freeze 
concentration and pressing have the advantage of being low temperature 
processes, but their operation was not successful in this research, primarily 
because only small improvements in concentration , or small volumes of 
concentrate could be produced in each batch. The findings from these 
experiments showed that evaporation is the preferred method to prepare a 
concentrated coffee extract, starting from a strongly brewed and filtered solution . 
Although, this process caused a loss of volatiles, adding back the first 10% of 
condensed distilled was found to be a suitable way to retain some aroma and 
flavour. The condenser temperature has no effect on the volatile retention in the 
coffee concentrate merely shorten evaporating time. 
However, all the above mentioned methods can not be used to produce a 
sufficiently high coffee concentrations required for experiment in this work. 
Evaporation is a slow process, which does not produce much concentrate in our 
apparatus (per batch). Therefore an alternative method of preparing the feed 
solutions and synthetic compounds was used for preparing the coffee solution . 
- 11 9 -
Chapter 6 Evaluation of Preconcentration Processes 
Instant coffee was used through out this work in order to produce consistent 
sample of coffee solution . The description of coffee solution preparation used in 
drying experiments was presented in Chapter 4. 
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7.1 Introduction 
For many food products such as fruit juice and coffee extracts, the presence of 
aroma compounds is an important product quality attribute. These aroma 
compounds are usually volatile and are present in very small amounts in foods. 
Ideally, a full retention of the originally present aroma components is required in 
the final product. The quality of spray-dried food product is often compromised by 
the loss of aroma components during drying. To reduce aroma losses during 
spray-drying, the influences of several process variables such as inlet air 
temperature, solid concentration in the feed , addition of thickeners and 
atomization at higher pressure have been investigated (Thijssen, 1971 ; King, 
1990; Coumans et a/., 1994; Ohtani et a/., 1995 and Tseng et a/. , 2000; Hecht 
and King, 2000). These relative published experimental studies on the effect of 
spray drying on the retention of coffee volatiles have been discussed in Section 
2.4. 
This work uses a wide range of both feed concentrations (20-50 wt%) and outlet 
drying air temperatures (70-120°C) and analyses the retention of six individual 
volatile components that are strong markers for coffee flavour and which have not 
been previously studied. 
The overall objective of this research is to assess how the feed concentration and 
the outlet temperature affect volatile losses in coffee. A secondary objective was 
to compare the drying behaviour of coffee with that of maltodextrin . 
7.2 Preliminary testing 
7.2.1 Introduction 
Preliminary testing was performed to identify a practical method of obtaining 
reproducible feed material and thereby to study how volatile retention depends on 
the coffee source. Either roasted/ground coffee or commercial instant coffee was 
used, with the option of doping with (a) volatiles from the distillate produced by a 
concentration process ("add back"), (b) pure volatile compounds or (c) neither. 
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7.2.2 Materials used 
Coffee Materials 
The following coffee materials were tested: 
(i) Brewed roasted/ground coffee beans, concentrated by evaporation to 
20-25% total solids (see Section 6.6.1). This solution was used as a 
feed material (RG) in spray drying experiment Run A 
(ii) As (i) but with volatiles captured from distillate during evaporation 
added back (referred to here as "RG with add back") (see Section 
6.6.1). This solution was used as the feed material in spray drying 
experiment Run B. 
(iii) As (i) but doped with known amounts of pure volatile compounds 
purchased from Sigma-Aldrich (UK). These volatile compounds were 
the same as introduced in Section 5.5.1 . The amounts of added pure 
compounds are shown in Table 7.1. This coffee solution was used as 
feed material in spray drying experiment Run C. 
(iv) Spray dried Nescafe 'Fine Blend' instant coffee (FB). This coffee was 
used as feed material in spray drying experiment Run D. 
(v) As (iv) but with volatiles captured from distillate during evaporation 
added back (referred to here as "Fine Blend coffee with add back"). 
This solution was used as feed material in spray drying experiment 
Run E. 
(vi) As (iv) but doped with known amounts of pure volatile compounds 
purchased from Sigma-Aldrich (UK) (referred to here as "Fine Blend 
coffee with pure compounds"). The amounts of added pure compounds 
are shown in Table 7.1. These solutions were used as feed material in 
spray drying experiment Runs F-G. 
(vii) A solution of freeze dried instant coffee powders 'medium roast' Douwe 
Egberts Brand. This coffee was only used for the volatile components 
study and was not used in the drying experiments. 
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Experiments performed 
There are 2 sets of experiment in this section. 
(1) Comparison of the feed materials composition using GC/MS 
Commercial spray dried instant coffee 'Fine Blend' (FB) brand and freeze dried 
instant coffee 'Douwe Egberts' brand were used to analyse their volatile 
compositions compared to those for the 'add back' coffee solution (coffee 
material (ii)). 
(2) Initial spray drying experiment 
The volatile retention of different coffee feeds during spray drying was studied by 
using a feed concentration of 20% w/w. The spray drying outlet air temperature 
was set at 100°C with an inlet air temperature of 200°C. The amount of added 
pure compound was calculated based on the amount of compounds present in 
RG coffee with add back. The feed flow rates are shown in Table 7.3. The spray 
drier used for this research was a co-current spray dryer (Spray Processes, 
Bedford UK) as described in Section 3.2. Volatile components of coffee solution 
before and after spray drying were analysed by GC/MS, as described in Section 
5.5. The moisture content analysis of spray dried product is given in Section 4.3. 
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Table 7.1 Masses of pure volatile component added per mass of feed solution 
Mass of pure compounds added** (mg/kg) 
RUN Feed Solution 
1 2 3 5 
A RG without add back - - - -
B RG with add back· - - - -
C RG with 5 pure compounds 16.8 16.9 164 16.1 
D FB without add back 
- - - -
E FB with add back* - - - -
F FB with 4 pure compounds 25.1 33.5 692 29.5 
G FB with 6 pure compounds 25.1 33.5 692 29.5 
• Distillate was added back such that it comprised 20% by mass of the final coffee solution 
** Pure compounds 
1 = 2-Methylpyrazine 
2 = 2-Furancarboxaldehyde 
3 = 2-Furanmethanol 
5 = 5-Methyl-2-furancarboxaldehyde 
7 = 2-Methylbutanal 
8 = 2,3-Pentanedione 
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7.2.3 Comparison of the volatile concentrations in the feed materials 
The previous study in Section 6.6 showed that adding distillate back increased 
the volatile component composition in a coffee concentrate. So RG coffee with 
add back material was used as the model reference material for selected volatile 
components in coffee. The chromatogram for this is shown in Fig. 7.1 (the peaks 
of the 6 selected components are marked) and compared with commercial spray 
dried instant coffee (Fine Blend) and freeze dried instant coffee (Douwe Egberts) 
in Figs.7.2-7.3, respectively. The result showed that both commercial coffees 
contained similar volatile compounds, but in different amounts. Significant 
amounts of the volatiles have already been lost in dehydrating these commercial 
coffees. The concentrations of selected volatile compounds in these two 
commercial instant coffees, which were obtained from the GC/MS peak areas by 
applying the calibration from Section 5.6, are given in Table 7.2. Compound 2-
Methylbutanal was shown as a major peak in both commercial instant coffees. In 
addition, most of the selected volatile components of commercial freeze dried 
coffee showed greater concentrations than in the commercial spray dried coffee 
(compare results for material for Run 0 and Run X). 
Figs. 7.4 and 7.5 show the chromatogram of commercial spray-dried coffee with 
add-back and pure compounds, respectively. The chromatograms showed the 
increased peak area of the six selected compounds in these coffee solutions. 
Clearly the distillate that was added back has a much wider range of volatile and 
other components that are detected by GC/MS - there are more peaks in the 
chromatogram of Fig.7.4 compared with those in Fig.7.2 or 7.5. Nevertheless the 
material for Run G (FB with 6 added markers) represents a good model system 
for the FB with add back. Moreover it has the merit of simple preparation, 
avoiding the lengthy process of evaporation to yield a concentrated feed. 
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Figure 7.1 Chromatogram of Roasted/ground coffee (RG) with add back (feed 
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Figure 7.3 Chromatogram of 'Douwe Egberts' commercial freeze dried instant 
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Table 7.2 Concentration of volatile compound in a mass fraction of 20% coffee solution before spray drying 
Compounds· (mg/kg) 
RUN Coffee Solution 
1 2 
A RG without add back 2.0 2.2 
B RG with add back 22.1 20.0 
C RG with 5 pure compounds 18.6 20.8 
D FB without add back 7.9 7.0 
E FB with add back 55.8 65.7 
F FB with 4 pure compounds 30.3 38.5 
G FB with 6 pure compounds 19.7 32.4 
X Freeze dried instant coffee 1.1 11.4 
* Compounds 
1 = 2-Methylpyrazine 
2 = 2-Furancarboxaldehyde 
3 = 2-Furanmethanol 
5 = 5-Methyl-2-furancarboxaldehyde 
7 = 2-Methylbutanal 
8 = 2,3-Pentanedione 
**nd : not detected 
- 129-
3 5 
600 2.7 
774 20.9 
911 25.7 
115 3.6 
752 68.5 
1319 42.2 
933 32.9 
129 4.6 
7 
nd** 
0.9 
0.2 
2.9 
1.6 
1.9 
2.8 
4.9 
8 
nd 
4.4 
11.7 
2.1 
7.0 
1.9 
3.6 
3.8 
Chapter 7 Spray-drying Experiments 
7.2.4 Initial spray drying experimental results 
Spray dried products obtained from these preliminary experiments were analysed 
to determine their moisture contents and volatile retentions. The results showed 
that all products contained moisture contents of less than 4% w/w as illustrated in 
Table 7.3. The volatiles retention of the selected compounds in the spray dried 
coffee products confirmed that a large amount of volatile components were lost 
during the spray drying process for all feed materials, as shown in Fig. 7.6. From 
Fig. 7.6, it also can be seen that almost no differences in volatile retention were 
found between using the natural volatile compound (concentrate with add back) 
and the synthetic volatile compounds (pure marker compounds) - compare Runs 
Band C for RG coffee and Runs E and F for instant coffee. The volatile retention 
of compound 7 (2-Methylbutanal) from instant coffee with add back (Run E) was 
greater than >100%. However, this was not observed for any other runs. This 
may be caused by the formation of compound 7 during spray drying by a Strecker 
degradation reaction. Strecker degradation reaction starts to occur when the 
drying temperature approaches 160·C (Lyman et al., 2003). The detection of 2-
Methylbutanal during drying indicated that drying particles experienced a 
temperature around 160·C in the drying chamber. Grosch (2001) showed that 2-
Methylbutanal was formed by deformation of oligosaccharide and reaction with 
isoleucine amino acid. The results also showed that the type of coffee i.e. RG 
coffee and instant coffee had no effect on the percentage volatile retention, even 
though they contained different initial amounts of the volatile components in the 
feed materials. For RG coffee without add back (Run A), only 2-Furanmethanol 
(compound no.3) could be detected in. the reconstituted spray dried coffee 
solution. Therefore, as expected, using RG without add back was not suitable for 
the study of volatile retention because of the low amount of volatile components 
in the feed material. 
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Table 7.3 Feed flow rate and moisture content of spray dried product (20% 
feed and Tout=1 00°C) 
% Moisture content of 
RUN Feed rate (kg/hr) 
product (wb) 
A 4.3 2.6 
B 4.6 2.3 
C 4.7 2.4 
D 4.4 3.5 
E 3.7 2.0 
F 3.5 2.4 
G 4.7 2.6 
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Figure 7.6 Volatile retention of selected compounds in spray dried coffee 
produced from RUNs A-G 
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7.2.5 Conclusion 
Roasted ground coffee with add back contained higher concentrations of volatile 
components than commercial freeze dried instant coffee and commercial instant 
coffee. However, the production of a concentrated RG feed by brewing and 
subsequent evaporation is a time-consuming and difficult process (see chapter 
6). The runs with add back and with addition of pure components yield the same 
retention results, showing that it is not strictly necessary to use distillate obtained 
from freshly brewed coffee. Moreover, the runs for FB with added pure 
compounds show very similar retention to the other cases. 
Spray drying experiments described here have been conducted by either adding 
pure compounds or adding back distillate from the evaporative concentration 
process into the coffee concentrate feed solutions. This procedure ensured that 
the feed solutions contained the appropriate aroma components and the loss of 
volatiles was caused only by the spray drying process. Natural volatile 
compounds and synthetic volatile compounds gave the same results for the 
fractional volatile retention during spray drying, even though the feed materials 
may have contained different concentrations of the aroma compounds. The 
different types of coffee i.e. RG coffee and instant coffee appeared to have no 
effect on the fractional volatile retention. 
Therefore, commercial instant coffee will be used as feed material in the following 
experiments reported in Section 7.3 because of the convenience and 
reproducibility of feed sample preparation to the desired concentration more than 
20% w/w. This avoids the lengthy process of evaporative distillation and the 
variability of the brewing and concentration processes. 
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7.3 Spray drying of coffee 
7.3.1 Experiments performed 
These experiments were performed using solutions of Fine Blend commercial 
instant coffee doped with six marker compounds (the same as used in Run G in 
Section 7.2) The preparation of four different coffee feed concentrations (20%, 
30%, 40% and 50%) has been described in Section 4.2 and analysis techniques 
are given in Section 4.3. The spray dryer set-up and operating procedure have 
been explained in section 3.2.2. Four different drying temperatures (nominal 
outlet air temperature of 70·C, BO·C, 100·C and 120·C) were used for each feed 
concentration and at least 2 repeats were conducted. The drying air entering the 
dryer was heated by a natural gas burner. The drying air temperatures were 
controlled by regulating the amount of natural gas combustion. To obtain the 
desired drying temperature in this experiment the natural gas flow rate consumed 
was about 0.OB7- 0.153 kg/h. The average air flow rate was 34B.5 kg/h measured 
by a rotary vane anemometer. The spray drying experiment conditions are 
summarized in Table 7.4 
Analysis methods 
The viscosity of the feed solutions, the moisture content of spray dried product, 
the mean particle size D (4,3), the particle morphology and bulk density of 
products were determined as described in Section 4.4. The volatile compositions 
of coffee solutions before and after spray drying were analysed by the same HS-
SPME GC/MS method as used in the previous study (Section 5.5). 
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Table 7.4 Summary of experimental spray drying conditions for coffee 
Ambient 
Nominal Ambient Inlet Outlet 
Feed air 
outlet air Feed rate air drying air drying air 
conc. relative 
(%w/w) temp. (kg/h) temp. humidity temp. temp. (DC) (DC) (DC) (DC) (%) 
70 4.59±0.1 21.1±1.2 37.8±3.6 157.5±2.1 73.2±0.9 
80 4.54±0.2 23.0±2.1 32.1±7.1 178.0±2.6 82.9±2.1 
20 
100 4.63±0.2 22.3±1.2 37.8±1.2 200.7±2.1 98.8±1.0 
120 4.67±0.2 21.7±0.4 34.0±4.7 228.0±2.8 117.1±1.0 
70 4.95±0.4 23.2±1.0 46.4±19.8 154.3±6.0 72.5±0.6 
80 4.69±0.1 22.8±0.4 39.9±14.6 178.0±3.5 81.9±1.6 
30 
100 4.57±0.0 24.3±2.2 32.6±12.1 205.0±4.2 98.8±1.8 
120 4.82±0.4 23.2±0.1 43.4±22.0 235.0±5.7 117.7±1.2 
70 4.87±0.4 22.8±1.8 31.9±6.2 158.3±4.0 73.0±.1.0 
80 4.87±0.1 24.1±1.0 26.1±6.1 177.5±4.2 82.6±1.5 
40 
100 5.08±0.5 24.3±1.6 27.5±7.0 203.2±2.9 99.0±1.2 
120 5.06±0.7 22.4±1.0 31.6±1.1 230.7±7.4 117.2±1.0 
70 4.34±0.6 22.3±0.4 39.1±14.9 168.5±3.5 77.5±2.1 
80 4.61±0.1 22.3±0.4 42.3±7.5 182.4±2.3 83.0±2.8 
50 
100 4.64±0.2 22.0±0.1 42.4±5.4 201.0±2.8 100.0±1.5 
120 4.38±0.1 21.8±1.0 37.6±14.6 232.0±0.1 119.3±0.4 
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7.3.2 Calculation of estimated outlet particle conditions 
The outlet drying gas humidity can be obtained from a mass balance data over 
the spray dryer. A schematic diagram of the equipment is shown in Figure 7.7. 
This calculation is important to understand the conditions the particle experiences 
during spray drying and will be exploited in Section 7.3.3. 
The humidity of the outlet air was calculated by adding the water produced from 
combustion (mass balance calculation over the burner) and the moisture 
removed from drying the feed solution (mass balance over the dryer section). 
Mo. Tao. Yo ,--__ ---, 
Burner 
Ambient air 
Natural gas 
Feed solution 
Spray 
Dryer 
Outlet air 
Ms. Tp2. X2 
Spray dried product 
Figure 7.7 Schematic diagrams for calculation of estimated outlet particle 
condition 
M = Mass flow rate. dry basis (kg/h) 
Q = Heat loss (J/h) 
T = Temperature (K) 
x = Moisture content (kg water/kg dry solid) 
Y = Absolute humidity (kg water! kg dry air) 
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Subscripts 
o = Entering burner 
1 = Entering spray dryer 
2 = Leaving spray dryer 
a = air 
g = natural gas 
p = particle 
s = solids 
1) Moisture balance over the burner 
The combustion reaction for methane (CH4) is 
CH4 +202 ~C02 +2H20 
Therefore 1 kmol of CH4 combustion produces 2 kmol of H20 
MW of CH4 = 16 kg kmor1, MW of H20 = 18 kg kmor1 and hence 
M M 1~ kmol of CH4 combustion produces = 2x 1~ x18 = 2.25Mg kg of H20 
Mass flow rate H20 in + Rate of H20 mass produced = Mass flow rate H20 
out 
Moisture entering the dryer in gas = Mo Yo 
Moisture produced by combustion = 2.25Mg 
Moisture leaving the burner = M. V; 
MoYo+2.25Mg =M.V; 
Solving for the humidity of the exit gas leaving the burner, 
MoYo +2.25Mg V; = """':'--=----"-
M. 
2) Moisture balance over the spray dryer 
Moisture entering the dryer in feed = M,x1 
Moisture entering the dryer in gas = Ma YI 
Moisture leaving the dryer in product = Msx2 
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Moisture leaving the dryer in the outlet air = Ma Y2 
Mass flow rate in = Mass flow rate out 
M,(Xl -x2 )=Ma (Y2 -~) 
Rearrange eq. (7.4) to obtain 
Y2 = ~ +(~:}Xl-X2) 
(7.3) 
(7.4) 
(7.5) 
Previous studies have considered the drier to behave adiabatically (no heat loss). 
However, the inlet and outlet humidities and temperatures are known and hence 
the heat loss, Q, can be obtained from an enthalpy balance, as follows. The 
results of these calculations are shown in Table 7.5. 
3) Heat balance: 
Standard state To = 298 K, liquid water 
Q = L enthalpYin - L enthalpYout 
Enthalpy in 
Enthalpy of dry solid in feed: MsCps (Tpl - To) 
Enthalpy of water in feed: MsxPw(Tpl - To) 
Enthalpy of dry air inlet: MaCg (Tal - To) 
Enthalpy of water vapour in air inlet: Ma ~ [Aro + Cwv (Tal - To)] 
Enthalpy out 
Enthalpy of dry solid in product: MsCps (Tp2 - To) 
Enthalpy of water in product: Msx2Cw(Tp2 - To) 
Enthalpy of dry air outlet: MaCg(Ta2 - To) 
Enthalpy of water vapour in air outlet: Ma Y2 [Aro + Cwv (Ta2 - To)] 
Q=(M,Cps(Tp1 -T,,)+M,xpjTp1 -To)+MaCg(Tal-T,,)) 
-(M,Cps(Tp2 -To)+M,x2CJTp2 -To)+MaC.(:r.2 -To)+MaY2(A.,O +C .. (Ta2 -To))) 
where, Cps = specific heat of solid coffee particles = 0.837 kJ kg,l K'l 
Cw = specific heat of water = 4.185 kJ kg'l K'l 
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Cg = specific heat of gas = 1.012 kJ kg-1 K·1 
Cwv = specific heat of water vapour = 2.080 kJ kg-1 K1 
A.ro = latent heat of vapourisation of water = 2.4423 MJ kg-1 
It is evident that the heat losses are significant and increase with increasing outlet 
temperature. The spray drier is not insulated and hence higher internal 
temperatures provide greater driving force for heat transfer to the external 
atmosphere .. 
Estimation of the outlet particle temperature 
The outlet particle temperature estimates here are based on the assumption that 
the average water content of the particle leaving the dryer is in equilibrium with 
the humidity of the outlet air. The humidity of the outlet air can be calculated from 
Eq. (7.5). A humidity chart was used to estimate the particle outlet temperature 
by following the wet-bulb line from the outlet gas conditions to the relative 
humidity line corresponding to the surface water activity of the particle obtained 
from isotherm data (experimental data were obtained from a previous study in 
Section 4.5). 
The wet-bulb line can be obtained from the mass and heat balance of drying air 
and particle as follows: 
The rate of vaporization from the particle (rh) may be expressed in terms of the 
mass transfer coefficient, the surface area and the driving force written as 
rh = kA(aYsat - Ya ) (7.7) 
The rate of heat transfer from drying gas to the particle may be expressed in 
terms of the heat transfer coefficient, the area and the temperature gradient 
between air and particle that equated to the rate of vaporization can be written as 
Where, 
Am = hA(Ta - Tp) 
a = surface water activity 
A = surface area of particle (m2) 
h = heat transfer coefficient (W/m2K) 
k = mass transfer coefficient (m/s) 
Ta= temperature of air (K) 
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Tp= temperature of particle (K) 
By substituting rh from Eq.(7.7) into Eq.(7.S) gives 
h 
aYs.t-Y.= Ak(T.-Tp ) 
or 
aY,.t - Y. h 
T. - Tp Ak 
~ is the slope of the wet-bulb line 
(7.9) 
Fig. 7.S illustrates an example of particle temperature estimation of spray drying 
of coffee at 20% w/w feed concentration and 70°C outlet air temperature. The 
surface water activity is estimated from the average moisture content (using the 
isotherm). In practice the surface will be drier than the average so the estimated 
water activity, aw, will be an overestimate and the outlet particle temperature, Tp2, 
will be an underestimate. A summary of measurement and calculation data from 
the spray drying of coffee is shown in Table 7.5. 
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Figure 7_8 Humidity chart showing drying gas and particle conditions for 20% 
w/w coffee feed solution and outlet air temperature 70°C 
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Table 7.5 Measured and estimated parameter from spray drying of coffee 
Feed Outlet Outlet particle Outlet Inlet air Estimated Estimated· 
conc. drying air moisture air RH wet-bulb surface water particle temp. Heat loss 
(%w/w) temp. (OC) content (wb) (%) (%) temp. (OC) activity (x100) (OC) (kW) 
73.2±0.9 3.82 ± 0.1 7.6 ±0.3 42.3 ± 0.4 25.4 ± 0.9 54.3.± 0.4 5.7 ± 0.0 
82.9±2.1 3.32 ± 0.5 5.1 ±0.6 44.3 ± 0.3 22.1 ± 3.3 59.2 ± 1.8 6.8 ± 0.4 
20 
98.8±1.0 2.49 ± 0.7 2.9 ±0.2 47.3±0.3 16.6 ± 4.6 68.8 ± 5.6 7.4 ± 0.3 
116.9±1.2 1.95 ± 0.5 1.6 ±0.1 49.5 ± 0.5 15.2 ± 4.5 74.3 ± 5.0 8.4 ± 0.4 
72.5±0.6 4.43 ± 0.6 8.2 ± 1.1 42.5 ± 1.4 29.5 ±4.1 52.8 ± 0.4 5.7 ±0.3 
81.9±1.6 3.63 ± 1.0 5.0 ± 0.5 45.0 ± 1.0 24.2 ± 6.7 57.7 ± 2.4 7.2 ± 0.5 
30 . 
98.8±1.8 2.11 ± 0.1 2.7 ± 0.3 47.3±1.1 14.1 ±0.8 70.5 ± 0.7 8.2 ± 0.6 
118.0±1.4 1.99 ± 0.9 1.6 ± 0.2 50.3 ± 1.0 13.3 ± 6.2 78.0 ± 8.5 9.1 ± 0.2 
73.0±1.0 3.80± 0.2 6.4 ± 0.5 42.4 ± 0.4 25.3 ± 1.4 52.8 ± 0.6 6.4 ± 0.4 
82.6±1.5 2.75 ± 0.4 4.3 ±0.7 44.1 ± 0.8 18.3 ± 2.8 60.4 ± 2.2 7.3 ± 0.5 
40 
99.0±1.2 1.91 ± 0.2 2.5 ±0.3 47.0 ± 0.8 12.7 ± 1.4 71.8 ± 1.6 8.1 ± 0.5 
117.2±1.0 1.22 ± 0.2 1.4 ± 0.2 49.5 ± 1.0 8.1 ± 1.6 84.2 ± 4.0 9.0 ± 0.9 
77.5±2.1 3.66 ± 0.5 5.2 ± 0.4 43.8 ± 0.4 24.4 ± 3.3 54.3 ± 0.4 7.5 ± 0.3 
83.0±2.8 2.85 ± 0.4 4.3 ± 0.1 45.8 ± 0.4 18.9 ± 2.8 59.8 ± 2.5 8.2 ± 0.5 
50 
100.0±1.5 1.85 ± 0.7 2.4 ± 0.2 47.3 ± 0.4 12.3 ± 5.0 72.3 ± 6.7 8.3 ± 0.5 
119.3±0.4 1.36± 0.3 1.2 ± 0.2 49.8 ± 0.4 9.0 ±2.3 81.5 ± 3.5 9.5 ±O.O 
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7.3.3 Results and Discussions 
a) Moisture content 
The wet basis moisture contents of spray dried coffees obtained from the 
different feed concentration and drying temperature conditions are shown in Fig. 
7.9 Coffee products typically have moisture contents ranging between 0.9 - 5.0 
%. The error bars in this graph represent one standard deviation either side of the 
mean value. The results show that for coffee feed materials, and regardless of 
feed concentration, increasing the drying temperature reduces the moisture 
content of the products. This is an expected result, which is a consequence of 
larger driving forces for heat and mass transfer. Both the liquid fed rate and the 
air flow rate remain relatively constant in these experiments (see Table 7.4) and 
hence it is expected that the residence time of the particles in the drier is about 
the same in each case. The product moisture content was relatively insensitive to 
changes in feed composition even though lower concentration feeds required 
more moisture to be removed, the absolute amount of water liberated in any case 
was significantly lower than the flow of air. 
6.0 
--,Q 
~ 5.0 ~ 
~ 
-
4.0 c 
Cl) 
-c 3.0 0 
(.J 
Cl) 
2.0 ... 
:::J 
-.!!! 
0 1.0 
:!: 
0.0 
60 70 80 90 100 
-+-20%w/w 
___ 30%wlw 
"'*-40% wlw 
",*"50% wlw 
110 120 
Outlet air temperature (OC) 
130 
Figure 7.9 Effect of feed concentration and outlet air temperature on the wet 
basis moisture content of spray dried coffee 
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b) Particle size analysis 
The particle sizes of spray dried coffee powders measured by the Laser 
Diffraction method (see Section 4.4.2) are reported in terms of volume mean 
diameter, D (4,3), which were in the range between 20-40 ~m. Fig. 7.10 shows 
that significantly larger particle sizes were found with the 50% w/w feed 
concentration of coffee, but D (4,3) was relatively insensitive to the outlet dryer 
temperature. 
To investigate this effect, the viscosity of various feed concentration was 
measured at 20·C using an Ubbelodhe viscometer (see Section 4.3.2). Fig. 7.11 
shows a modest increase in viscosity from 20% to 40% feed concentrations, but 
a very steep increase above 40%. Masters (1991) shows that the atomised drop 
size slightly depends on viscosity of the following form, 17 8 , as the exponent value 
is o~ly 0.30-0.37 indicating that significantly larger drops may be formed by the 
50% feed concentration. 
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Figure 7.10 Effect of feed concentration and outlet air temperature on volume 
mean particle size of coffee 
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Figure 7.11 Dynamic viscosities of coffee solutions at 20°C 
c) Particle morphology 
FESEM photographs of spray-dried coffee particles from spray drying with 
different feed concentrations and outlet temperatures are shown in Fig. 7.12. The 
coffee particles appear to be hollow with some craters. The results show that 
coffee is a skin-forming particle with particle inflation. The spontaneously ruptured 
particles indicated a hollow interior and thin-shelled particle. The shape of 
particles from the FESEM observations confirms expansion and contraction 
during drying; wrinkling of the surfaces is likely to occur by expansion followed by 
contraction during cooling. The FESEM micrographs show shrivelled particles at 
low drying temperature and the particle surface becomes smoother at higher 
drying air temperatures. In addition, particle size distributions at low drying 
temperature (70 - 100°C) were identical, increasing drying air temperature to 
120°C showed boarder particle size distribution (see Fig. 7.12). Micrographs also 
show that at higher drying temperatures and higher solid feed contents, the more 
likely particles are to break. Increased the feed concentration, there is a tendency 
for particle size to increase (Walton, 2000). 
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Figure 7.12 FESEM micrographs of spray-dried coffee from different feed 
concentrations and outlet air temperatures (continued on next page) 
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Figure 7.12 (cont.) FESEM micrographs of spray-dried coffee from different feed 
concentrations and outlet air temperatures 
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d) Bulk density of products 
Bulk densities of coffee products were found to be in the range 0.14-0.43 glml as 
shown in Fig. 7.13. The results reveal that increasing the drying air temperature 
dramatically decreases the bulk density. This may also be a result of droplet 
expansion, and the more dramatic results are a consequence of the fact that the 
volume taken up by a particle scales with the cube of the particle diameter. Also, 
the micrographs show a wider particle size distribution that affected on the bulk 
density; the particles pack closer together therefore the bulk density is increased. 
Moisture content also affected the bulk density of products. Particles with higher 
moisture content tend to stick with each other, leaving the agglomerated particles 
with more interspaces between them resulting in lower bulk density, however due 
to the low moisture content in the samples tested this was not a factor. The effect 
of increasing the feed concentration is to increase the bulk density as the particle 
vacuolation decreases, which eventually produces particle with thicker wall 
(Walton, 2000). Although the evidence of thicker wall is not conclusive from the 
FESEM micrographs in Fig. 7.11. The particle vacuolation is the formation of 
small cavity in the cytoplasm of a cell, bound by a single membrane containing air 
which eventually dried up to produce a hollow spherical particle. These results 
showed similarity with the findings reported by Walton and Mumford (1999b) and 
Walton (2000). 
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Figure 7.13 Effect of feed concentration and outlet air temperature on bulk 
density of spray dried coffee 
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To explain the effect of particle size distribution on their bulk density property, a 
measure of the width of the distribution, the span was reported. Span, describing 
the range of the distribution relative to its median size, is defined as 
d -d Span = 90 10 
d50 
where d
'0 = the 10
th percentile particle size 
d50 = the median particle size 
d90 = the 90
th percentile particle size 
(7.10) 
The spans of coffee particles are shown in Fig. 7.14. The results showed that 
increasing the drying air temperature from 70°C to 100°C, the spans were slightly 
decreased. Hence, the particles produced with a drying air temperature of 100°C 
were closer to being monosized leading to lower bulk density as shown in Fig. 
7.13. Further increasing the drying air temperature to 120°C, the spans were 
constant except at the feed concentration of 50% w/w which showed slight 
increase in particle size distribution. However, this small changes in span had no 
effect on the bulk density. The spans of coffee particles seem not to be affected 
by the feed concentration. 
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e) Volatile retention 
Spray drying experiments were performed to investigate the influences of feed 
solids content (20%-50% w/w) and drier outlet temperature (70-120°C) on volatile 
retention of coffee material. The retentions of the six volatile compounds are 
presented in Figs. 7.15-7.20. Each case was repeated up to 5 times and only the 
average value is represented in Figs. 7.15-7.19. The error bars represent the 
standard deviation calculated from each measurement. The standard deviation 
value of around 10% suggests that the experiment has high reproducibility. 
The results show that feed concentration has the strongest effect on the volatile 
retention. Consistently the higher feed concentrations gave higher volatile 
retentions for all outlet temperatures. At a feed concentration of 20% the majority 
of volatile components were lost during spray drying; this is also the material from 
which the largest amount of water has been removed. On increasing the feed 
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concentrations to 30, 40 and 50%, the percentage of volatiles retained increased 
significantly from about 20% to 80%. As the feed concentration increases, 
smaller fractions of water have to be removed to attain the final product moisture 
content of around 1-5%. 
The higher feed concentrations dry more quickly to moisture content where 
selective diffusion takes place. Under these conditions the diffusion coefficients 
for the volatile components fall far below their values in aqueous solution and 
hence the rate of volatile loss is reduced. For low feed concentrations, the 
moisture content of the drops/particles remains high for a large part of the 
residence time in the drier. Consequently the diffusion coefficients of the volatile 
components remain close to their values in aqueous solution and hence greater 
amounts of volatile loss are obtained. This result is supported by many 
researchers (Menting and Hoogstad, 1967; King, 1990, Tseng et al., 2000). 
As observed in the preliminary study, noticeably different results were found for 
the retention of 2-Methylbutanal (compound 7) when spray drying coffee. 
Retention of 2-Methylbutanal at 120·C showed more than 100% retention, maybe 
because of a Strecker degradation reaction which produces this compound. For 
all the other compounds, an exit drying temperature of 120·C always gave the 
lowest retention. 
The figures also show that there is a definite effect of temperature on the volatile 
retention in coffee samples. At feed concentrations of 20% w/w, the higher 
temperatures gave the greatest volatile retentions. This is presumably because 
the hotter air .dries out the droplet surface faster, promoting selective diffusion. 
However, at the higher feed concentrations, higher temperature gave less volatile 
retention, suggesting that the relative volatilities of compounds were increased 
and hence the higher volatiles lost. 
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Figure 7.16 Effect of feed concentration and outlet air temperature on the 
retention of 2-Furancarboxaldehyde during the spray drying of coffee 
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Figure 7.18 Effect of feed concentration and outlet air temperature on the 
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In an attempt to gain further insights into the retention results, the estimated 
outlet particle temperature estimates from Section 7.3.2 are discussed next. 
Figure 7.21 shows the relationships between glass transition temperature, water 
activity and water content (these experimental data are described in Section 4.5 
and 4.6). The solid line represents the fitted curve of sorption isotherm and the 
glass transition temperature using the GAB equation and the Gordon-Taylor 
equation, respectively. 
The glass transition temperature is one of the reference parameter to 
characterize product properties and depend on the water content of material (see 
Section 2.3.2). In the glassy state, amorphous material is stable as the molecules 
have only very slow movement in a high viscosity material. Therefore, volatile 
components are more likely to be retained by materials in the glassy state. 
The results of the outlet particle temperature calculations of coffee are shown in 
Fig. 7.22. The glass transition temperature is shown as a function of the moisture 
content. The T 9 lines have been extracted from experimental data (T 9 is the solid 
line in Fig. 7.21). These calculations show that most of the coffee particles have 
final product temperatures below the glass transition temperature. Coffee product 
from 20% w/w feed concentration show slightly higher temperatures above the T 9 
line. In addition, increasing feed concentration decreases coffee product 
temperatures that tend to have product temperature below the Tg line. Hence, 
products tend to have more volatile retentions as in the glassy state. 
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7.4 Spray drying of maltodextrin 
Coffee was used as the representative aroma food but it is a complex 
multicomponent material containing carbohydrates. To understand the volatile 
retention during drying process, maltodextrin was used as a pure carbohydrate 
(glucose unit) model material and as the reference when the glass transition 
concept was exploited to analyse the result compare with coffee. 
7.4.1 Experiments performed 
The preparation methods for the four maltodextrin feed concentrations (20%, 
30%, 40% and 50% w/w) , and the analysis techniques, were the same as used 
for coffee materials (see Chapter 4). The spray dryer set up and operating 
procedure have been explained in Section 3.2.2. Four different drying 
temperatures (nominal outlet air temperature of 70·C, ao·c, 100·C and 120·C) 
were used for each different feed concentration. The maltodextrin drying 
experiments were operated only once for each condition, as the results of 
previous study of spray drying of coffee showed the variation of volatile retention 
was less than 10% (see Section 7.3.3e). The spray drying experiment conditions 
are summarised in Table 7.6. 
Analysis methods 
The viscosity of feed solutions, the moisture content of spray dried product, the 
mean particle size, the particle morphology and the bulk density of products were 
determined as described in Section 4.2. The volatile component concentrations of 
maltodextrin solution before and after spray drying were analysed by the same 
HS-SPME GC/MS method as described previously in Section 5.5. 
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Table 7.6 Summary of experimental spray drying conditions for maltodextrin 
Ambient 
Nominal Ambient Inlet Outlet 
Feed air 
outlet air Feed rate air drying air drying air 
cone. relative 
(%w/w) temp. (kg/h) temp. humidity temp. temp. (0C) (OC) (OC) (OC) 
(%) 
70 4.77 20.4 46.1 154.8 70.7 
80 4.70 20.8 45.2 180.2 82.8 
20 
100 4.74 21.0 44.4 199.0 99.1 
120 4.90 21.1 45.2 242.5 117.7 
70 4.95 21.8 18.8 158.7 71.2 
80 5.24 20.7 17.2 180.7 82.8 
30 
100 5.09 21.6 24.1 200.0 98.7 
120 4.90 21.5 22.8 237.8 119.3 
70 4.89 20.7 21.5 158.9 72.6 
80 5.07 21.7 20.6 179.8 84.0 
40 
100 5.26 20.6 20.3 202.3 98.0 
120 5.17 21.1 21.3 241.5 121.0 
70 5.23 19.9 40.9 161.0 69.6 
80 5.36 21.0 34.7 178.8 83.0 
50 
100 5.28 20.8 36.0 203.2 99.2 
120 5.33 20.5 35.0 243.3 116.5 
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7.4.2 Calculation of estimated outlet particle condition 
The estimated outlet particle temperatures and outlet drying gas humidity of 
spray drying of maltodextrin can be obtained in the same way as for the spray 
drying of coffee (see Section 7.3.2). The calculated data are presented in Table 
7.7 and will be applied in Section 7.4.3. 
The heat losses calculation show the same results as spray drying of coffee 
experiment (discussed previously in Section 7.3.2). It shows that the heat losses 
are considerable and higher heat losses are obtained when the outlet 
temperature is increased. 
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Table 7.7 Measured and estimated parameter from spray drying of maltodextrin 
Feed Estimated Estimated 
Outlet drying Outlet particle Outlet air Inlet air wet· Heat loss 
conc. surface water particle 
(%w/w) . air temp. (OC) MC(%) RH(%) bulb temp. CC) activity (x100) temp. (0C) (kW) 
70.7 5.54 9.0 42.0 31.0 52.0 5.60 
20 82.8 
4.08 5.5 45.0 22.8 60.5 6.90 
99.1 2.46 3.1 47.0 13.8 72.0 7.07 
117.7 2.32 1.7 51.0 13.0 77.5 9.40 
71.2 4.53 6.5 41.5 25.4 50.5 6.17 
30 
82.8 2.50 4.0 44.0 14.0 64.5 7.00 
98.7 2.10 2.5 46.5 11.8 74.0 7.37 
119.3 1.41 1.3 49.5 7.9 85.0 9.11 
72.6 4.21 5.0 42.0 23.6 53.0 6.42 
40 
84.0 2.62 3.8 44.0 14.7 63.5 7.23 
98.0 2.56 2.2 46.0 14.3 67.5 7.95 
121.0 1.66 1.0 49.5 9.3 80.5 9.53 
69.6 5.47 6.8 42.5 30.6 48.0 7.22 
50 
83.0 3.71 4.0 44.5 20.8 58.0 7.54 
99.2 2.38 2.2 47.0 13.3 70.0 8.32 
116.5 1.57 1.3 50.5 8.8 81.0 10.50 
. 
·158· 
Chapter 7 spray-drying Experiments 
7.4.3 Results and Discussions 
a) Moisture content 
The wet basis moisture contents of spray dried maltodextrin product obtained 
from the different feed concentration and drying temperature conditions are 
shown in Fig. 7.23. Spray-dried maltodextrin had moisture contents between 1.4 
and 5.5 %. The moisture content data of maltodextrin showed similar trends to 
the moisture content of spray-dried coffee, i.e. increasing the drying temperature 
reduced the moisture content of the products. 
As before the feed flow rate (see Table 7.6) and the air flow rate remained 
constant for all these runs. Hence the particle residence time is expected to be 
approximately the same for all cases. Therefore the reduction in moisture content 
at higher temperatures is due to the increased driving force for heat and mass 
transfer. The range of outlet moisture contents is however small, indicating 
similar drying rates at the exit. The largest differences in drying rate are likely to 
occur at the entry to the dryer. 
Compared with the coffee runs, maltodextrin showed the same result that the 
effects of feed concentration on moisture content are less clear and much less 
significant than the effects of outlet temperature. In addition, the moisture content 
values at 70°C outlet air temperature were slightly higher than for coffee. 
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Figure 7.23 Effect of feed concentration and outlet air temperature on the wet 
basis moisture content of spray dried maltodextrin 
b) Particle size analysis 
The particle sizes of maltodextrin powders are reported in terms of the volume 
mean diameter, D (4,3). Maltodextrin particle sizes were in the range between 
25-85 Ilm. As was found with the coffee products, maltodextrin showed larger 
particle sizes with the 50% w/w feed. However, in contrast to coffee, maltodextrin 
produced much larger particle sizes at an outlet temperature of 120°C than at 
lower temperatures, as shown in Fig. 7.24. 
The effect of feed concentration may be caused by a higher viscosity of the 
solutions (at the feed conditions of 20°C). Fig. 7.25 shows that increasing the 
concentration from 20% to 50% w/w, the viscosity of feed increases substantially. 
As discussed previously increasing viscosity results in larger droplets being 
formed at the atomiser nozzle (Masters, 1991). 
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The effect of high temperatures resulting in larger particle sizes for maltodextrin 
may be due to high internal vapour pressures inducing an expansion of the 
particle. This would require the surface to be sufficiently dry to raise the particle 
temperature but sufficiently soft to undergo greater amounts of particle inflation 
compared to coffee. This mechanism of particle formation was also proposed by 
Walton and Mumford (1999). 
The particle size of maltodextrin from drying condition of 20% feed concentration 
and 70°C outlet air temperature showed an odd result. This may be because of 
the high moisture content (5.5% wb) of the product which led to increased 
amounts of agglomeration. 
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Figure 7.24 Effect of feed concentration and outlet air temperature on volume 
mean particle size of coffee (CF) and maltodextrin (MD) 
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Figure 7.25 Dynamic viscosities of coffee (CF) and maltodextrin (MD) solutions 
c) Particle morphology 
FESEM photographs of spray-dried maltodextrin from different feed 
concentrations and outlet air temperatures are shown in Fig. 7.26. Maltodextrin 
particles showed the same skin-forming morphology as coffee particles with a 
hollow appearance. At low temperature (70°C) the FESEM micrographs show 
collapsed, shrivelled particles; when the outlet temperature is increased the wall 
thickness seems to decrease and more breakage of particles is observed. The 
FESEM photographs show very wide size distribution in all runs. 
Large particle sizes are observed from the FESEM micrograph for maltodextrin at 
120°C and 50% w/w feed concentration which supports the particle size 
measurement. Some particle deformation is also observed at high temperatures. 
-162 -
Chapter 7 spray-drying Experiments 
20%w/w 30%w/w 
70 0 e 
Booe 
1000 e 
1200 e 
Figure 7.26 FESEM micrographs of spray-dried maltodextrin from different feed 
concentrations and outlet air temperatures (continued on next page) 
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Figure 7.26 (cont.) FESEM micrographs of spray-dried maltodextrin from 
different feed concentrations and outlet air temperatures 
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d) Bulk density of products 
Bulk densities of maltodextrin products were found to be in the range 0.05-0.60 
g/ml as shown in Fig. 7.27. Bulk density of maltodextrin showed qualitatively the 
same result as coffee bulk density: increasing the drying air temperature 
obviously decreased the bulk density. However, the opposite effects of feed 
concentration have been observed; increasing feed concentration gave a 
decreased bulk density. 
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Figure 7.27 Effect of feed concentration and outlet air temperature on bulk 
density of spray dried coffee (CF) and maltodextrin (MD) 
The spans of coffee and maltodextrin particles are shown in Fig. 7.28. The results 
showed that at low outlet temperature, maltodextrin particles have greater spans 
than coffee products, i.e. a broader size distribution. Therefore, maltodextrin 
particles are able to pack more closely, resulting in higher bulk densities than for 
coffee. At high drying temperature (120·C) the spans for maltodextrin is roughly 
the same as those for coffee (see Fig. 7.28) but maltodextrin has higher mean 
particle size than coffee (see Fig. 7.24). As a result the bulk density for 
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maltodextrin at 120°C is smaller than those of coffee because the big particles 
create bigger voids. 
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Figure 7.28 Effect of feed concentration and outlet air temperature on span of 
spray dried coffee and maltodextrin 
e) Volatile retention 
Spray drying experiments were performed to investigate the influences of feed 
solids content (20%-50% w/w) and drier outlet temperature (70-120°C) on volatile 
retention of maltodextrin materials. The retentions of the six volatile compounds 
are presented in Figs. 7.29-7.34. 
Volatile retention of spray drying of maltodextrin showed similar trends to those 
found for coffee spray drying i.e. feed concentration has the most influence on 
volatile retention. Increasing feed concentrations increased volatile retentions for 
all outlet temperatures. However, maltodextrin samples generally showed higher 
retentions, particularly at higher feed concentrations. 
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For 2-Methylbutanal when spray drying at an outlet temperature of 120·C, 
retentions of greater than 100% were found only in spray dried coffee indicating 
that this compound was also formed during drying. This result was not found with 
maltodextrin. It is likely that 2-Methylbutanal-was produced in the coffee samples 
by a Strecker degradation reaction, but that this was not possible with 
maltodextrin samples as these contained no amino acids to engage in this 
reaction. 
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Figure 7.29 Effect of feed concentration and outlet air temperature on the 
retention of 2-Methylpyrazine during the spray drying of MD 
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Figure 7.31 Effect of feed concentration and outlet air temperature on the 
retention of 2-Furanmethanol during the spray drying of MD 
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Figure 7.33 Effect of feed concentration and outlet air temperature on the 
retention of 2-Methylbutanal during the spray drying of MD 
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Figure 7.34 Effect of feed concentration and outlet air temperature on the 
retention of 2, 3-Pentanedione during the spray drying of MD 
Isotherm data (Fig. 7.35) and the measured average outlet moisture content were 
used to estimate the outlet particle temperature of maltodextrin by the same 
method used for coffee, as mentioned in Section 7.3.2. 
Figure 7.35 shows the sorption isotherm and the glass transition temperature 
versus the water activity. The solid line represents the fitted curve of coffee 
sample and the dashed line represents the fitted curve of maltodextrin. The 
sorption isotherm and the glass transition temperature curves were fitted by using 
the GAB equation and the Gordon-Taylor equation, respectively (experiment data 
from a previous study described in Section 4.5 and 4.6). 
The results of these calculations for maltodextrin are shown in Fig. 7.36. The 
glass transition temperature is shown as a function of moisture content. The Tg 
lines have been extracted from experimental data (see Fig. 7.35). The Tg line for 
maltodextrin is Significantly higher than that for coffee. 
The outlet particle temperatures estimated for maltodextrin were all below the 
measured glass transition temperature. As volatile retentions are better for 
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materials that are in the glassy state, as opposed to the rubbery state , then this 
may partly explain the improved volati le retention of maltodextrin feeds compared 
to coffee solutions. From Fig . 7.36, however, it is not conclusive for all the cases 
especially at 20% w/w, where coffee had a better volatile retention than 
maltodextrin , which probably due to the crust formation at coffee droplet surface 
against further volatiles loss. 
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Figure 7.35 Sorption isotherm and glass transition temperature of coffee and 
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7.5 Conclusions 
This study shows that the moisture content and the bulk density of coffee and 
maltodextrin products decreased with increases in outlet drying temperature but 
were almost independent of the feed concentration. 
The drying temperature affected the morphology and particle size of spray-died 
coffee and maltodextrin. Particles were more shrivelled at lower outlet 
temperatures and maltodextrin particles had a tendency to inflate at higher 
temperatures. 
Feed concentration and drying temperature both affected the volatile retention of 
spray dried products. Increasing feed concentration increased the volatile 
retention in both spray-dried materials. The volatile retentions in maltodextrin 
were insensitive to drying temperature in the range of investigation. 
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High drying temperatures appear to cause a production of 2-Methylbutanal via a 
Strecker degradation reaction. This only occurs in the spray drying of coffee 
because of the presence of amino acids in coffee and not maltodextrin. 
Maltodextrin gave a better retention than coffee, particularly at higher feed 
concentrations. This may be because the maltodextrin particles enter the glassy 
state more quickly as it appears that they exit the spray dryer further into the 
glassy state region than coffee. 
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Chapter 8 Spray-freeze-drying Experiments 
8.1 Introduction 
An alternative method to spray drying to produce soluble instant coffee is freeze 
drying. Freeze drying has long been viewed as an excellent drying method for 
retaining volatiles, as the freezing step is able to quickly concentrate the solutes 
and convert them into a glassy matrix which traps the volatiles, whilst still 
allowing water to diffuse away (Coumans et al., 1994). This follows the theory of 
selective diffusion laid down by Thijssen (1971). 
Freeze drying is a well-known method for preserving foods, pharmaceuticals and 
other biological materials with a higher quality than can be achieved by other 
preservation methods, and the porous structure arising from the sublimation of 
ice crystals significantly aids rehydration. One of the problems with conventional 
freeze drying, however, is the very long drying times required. As drying times 
vary approximately with the square of the sample thickness, one way to increase 
drying rates is to reduce the dimensions of the material. This is the basis of the 
spray-freeze-drying technique, which involves: atomising a liquid stream 
containing a dissolved solid, in a manner similar to spray drying, contacting the 
spray with a cold medium which freezes the droplets, and finally freeze drying 
the frozen particles to produce a powder. 
The freeze drying step can be achieved using conventional apparatus, but this 
does not transfer the heat required to sublime the ice in an efficient manner - that 
is, in a way that can take advantage of the small particle size. An alternative 
approach is to contact the particles with cold, dry gas in a fluidised bed; the 
method requires a very low dew point of water within the system, which allows ice 
to sublime in the presence of air at atmospheric pressure. 
The main objective of this chapter is to produce powdered products of coffee and 
maltodextrin using a sub-atmospheric spray freeze drying technique. A second 
aim of this work was to assess the volatile loss during spray freeze drying and 
compare the results to spray drying and conventional freeze drying methods. 
- 174-
Chapter 8 Spray-freeze-drying Experiments 
8.2 Conventional freeze drying experiments 
8.2.1 Experiments performed 
Conventional freeze drying was performed using a BOC Modulyo Freeze Drying 
unit, which had been modified to include a temperature controlled shelf instead of 
the usual flask arrangement. Temperature control was achieved by circulating an 
antifreeze solution through the shelf which was supplied from a thermostatted, 
chilled bath. The shelf temperature was initially set to -40°C on to which 15 g of 
solution was placed in a metal Petri dish of diameter 8.5 cm. This corresponded 
to a depth of approximately 2 mm. Half an hour was allowed for the sample to 
freeze, at which point the vacuum pump and condenser of the freeze dryer were 
turned on. After the condenser temperature had stabilised the shelf temperature 
was then raised to -30°C. The sample was then freeze dried for a period of 24 
hours. Freeze drying was carried out with heating by radiative heat transfer from 
the top of the sample. Two samples were prepared each for coffee and 
maltodextrin. Preparation of 20%w/w feed concentrations has been described in 
Section 4.2 and moisture content analysis is given in Section 4.3. The volatile 
retentions of freeze dried products were analysed by the HS-SPME GC/MS 
method described in Section 5.5. 
8.2.2 Results and discussion 
Product moisture content and appearance 
SEM photographs of conventional freeze dried maltodextrin and coffee shown in 
Figs. 8.1 and 8.2 respectively show a highly porous structure which indicates that 
freeze drying has been successfully achieved without product collapse. There is 
a noticeable difference in the porous structure of both materials, which originated 
from the ice crystal formation during the freezing step. Maltodextrin appears to 
show evidence of directional freezing i.e. the voids are long and thin and aligned 
to the direction of travel of the freezing front. (see Figs 8.1b and 8.2b). The 
moisture content (wb) of conventional freeze dried maltodextrin was 17.5% but 
was 10.6% for coffee although both had the same drying conditions. Drier 
product could be achieved by warming the shelf in the latter stages of freeze 
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drying to take advantage of the fact that the collapse temperature rises as the 
product dries out - this has been proven by the evidence stated in Section 4.6. 
Figure 8.1 FESEM micrographs of conventional freeze dried maltodextrin 
Figure 8.2 FESEM micrographs of conventional freeze dried coffee 
Volatile retention of conventional freeze dried products 
Figure 8.3 shows volatile retentions for the six marker compounds (see Section 
4.2.3) from conventional freeze drying of maltodextrin and coffee. It can be seen 
that there is considerable variability of retention between compounds. 
Maltodextrin shows the better average retention Oust over 60%) compared to 
coffee Oust over 50%), especially for compounds 1, 2 and 5 (2-Methylpyrazine, 2-
Furancarboxaldehyde and 5-Methyl-2-furancarboxaldehyde, respectively) . This 
result may be caused by differences in molecular mobility in the glassy state. At 
the same moisture content, maltodextrin had a higher glass transition 
temperature than coffee. Even at a temperature of -30°C both coffee and 
maltodextrin were in the glassy state . At -30°C, maltodextrin is in a state much 
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below the glass transition temperature. Hence, maltodextrin might be expected to 
retain more volatiles . However, this result does not necessary mean that 
maltodextrin is a better matrix for retaining aroma than coffee, since the final 
moisture content are not equal and both are far from the requirement of a 
commercially dried product « 5% (wb)). 
It can be noticed from the result that compound 7 (2-Methylbutanal) was not 
formed in the freeze drying process because this low temperature process was 
not suitable for the Strecker degradation reaction to occur. 
Figure 8.3 Volatile retention of selected compounds after conventional freeze 
drying of maltodextrin and coffee 
8.3 Spray-freeze-drying (SFO) experiments 
8.3.1 Experiments performed 
Preparation of 20% w/w feed concentrations has been described in Section 4.2 
and analysis techniques are given in the same Chapter, Section 4.3. The volatile 
compositions of sample solutions before and after spraying were analysed by the 
same HS-SPME GC/MS method as used in the previous study (Section 5.5) . The 
spray-freezing-drying set up and operating procedure has been explained in 
Sections 3.3.1- 3.3.3. Both the full cone spray nozzle and the hollow cone spray 
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nozzle were used in this study. Spray freezing operations at un-steady state and 
steady state were also studied, since the latter led to more reproducible product 
qualities. Two sizes of fluidised bed design were investigated : large (15 cm 
diameter) and small (7.5 cm diameter) surface area beds. 
In the spray freezing step, the frozen products were collected in an insulated 
container and transferred to the fluidised bed in measured amounts. The amount 
of frozen sample that was put into the fluidised bed was measured by volume. 
The N2 inlet temperature used in the vacuum fluidized bed freeze dryer (VFBFO) 
was -30· C in all runs (see Section 4.6). Vacuum pressure was set at 0.1 bara. 
Previous studies of spray freeze drying using this rig have used whey protein 
isolate which can be successfully freeze dried at -10·C. The materials used in 
this study, however, have a much lower collapse temperature (e.g. coffee is 
- -25· C), and problems were incurred during preliminary trials due to incomplete 
freezing occurring in the spray freezer and collapse/stickiness problems in the 
fluidised bed. This necessitated a number of rig modifications which were. 
(i) The replacement of full cone spray nozzle with a hollow cone spray nozzle to 
improve contact between droplets and cold gas in the spray freezing chamber to 
improve freezing efficiency. 
(ii) A change of spray freezing method to achieve a stable temperature during 
spray freezing. This is always problematic as, if the chamber is steady at a 
particular temperature before spraying ; the addition of the spray warms the 
chamber. The previous method (called here "un-steady state") was to cool the 
chamber at a constant rate until the desired spray freezing chamber temperature 
was reached, then turn on the spray, and control the temperature by manually 
adjusting the gas flow rate. The idea was that the warming effect of the spray 
would exactly cancel out the previous cooling rate to achieve steady conditions. 
However, in practice this was difficult to achieve. To improve this, a "steady state" 
method was employed whereby the chamber was cooled to -20K below the 
desired spray freezing temperature and allowed to stabilise. The spray was then 
initiated and approximately 3 minutes allowed for the chamber temperature to 
rise and achieve steady state condition at the warmer temperature. 
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(iii) To improve fluidisation in the bed, the cross section area was reduced . This 
also provided better insulation. 
8.3.2 SFD using the full cone spray nozzle 
This section aims to investigate volatile retentions during spray freeze drying in 
maltodextrin and coffee solutions doped with selective compounds using the full 
cone spray nozzle. The spray freezing operation at un-steady state and freeze 
drying using a large surface area fluidised bed were investigated. An additional 
study was also made to assess the extent of volatile losses arising purely from 
the atomisation process. 
Spraying study 
The coffee solution was used to study the effect of volatile loss simply by 
spraying at ambient temperature, both with and without co-current flowing air. 
The velocity of flowing air was measured using the Venturi device from which the 
volumetric gas flow rate was calculated to be 0.004 m3s·' . The purpose of the 
study was to access the degree of volatile loss by spraying the liquid into the 
freezing chamber operating under ambient temperature conditions. 
Spray freeze drying study 
Both maltodextrin and coffee solutions were used in this study. The maltodextrin 
was sprayed into cold nitrogen gas which was either at a temperature of -50°C or 
-60°C depending on the test. The coffee solution was studied only at a freezing 
gas temperature of -60°C . The freeze drying step occurred at -30°C inlet 
temperature. 
Results and discussions 
Volatile retention from spraying into air at ambient temperature 
Coffee solution with 20%w/w solid content was used to study the retention of 
volatile compounds during liquid spraying , both with and without co-current 
flowing air at ambient temperature. The result showed that using an air flow rate 
of 0.004 m3s·', which would change the external convective mass transfer 
coefficient and replenish the air, did not affect the volatile retention in the product 
(as shown in Fig.8.1) except for compound no.7 (2-Methylbutanal), which showed 
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a significant volatile loss. Due to the fact that compound no.7 has the lowest 
boiling point property compared to the others (see Table 4.1). The remaining 
volatile retentions are all close to 90-100% (within experimental error). The 
results indicate that there is neg ligible volatile loss under ambient condition, since 
(i) the spray droplets have a short residence time and (ii) convective mass 
transfer coefficients are small. 
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Figure 8.4 Volatile retention of selected compounds after spraying with and 
without co-current flowing air 
Characteristics of spray-freeze-dried products 
The warming up rate, drying times, resulting moisture contents and mean particle 
size diameter, D (4,3) of spray freeze dried maltodextrin and coffee at different 
spray freezing temperatures are shown in Table 8.1. Warming up rate data are 
shown as it was found in later trials that samples warmed at slower rates were 
more likely to remain fluidised and so this may be a significant process 
parameter. The results showed that drying using nitrogen at -30°C for 1.5-2 h 
was not sufficient to give moisture contents less than 10%; typically commercially 
dried products would have moisture contents of around 5% wb. The range of 
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mean particle size diameter of the product was about 246-266 iJ.m. Products 
obtained from Runs 1, 4 and 5 could not be analysed for particle size, as the 
products were too sticky to use the laser diffraction method. 
Table 8.1 Properties of SFD products obtained from the full cone spray nozzle 
Process conditions 
%MC 0 (4,3) 
Material Run Freezing 
Warming 
Drying (wb) (~m) 
temp. (·C) up rate time (h) (·C/minf 
1 -50 1.99 1.5 34.6 -
Maltodextrin 2 -50 3.08 2 10.6 246 
3 -60 1.97 2 10.5 266 
4 -60 2.65 1.5 14.8 -
Coffee 
5 -60 2.31 2 15.1 -
• Warming up rate of air inlet temperature in fluidised bed from -60·C to -30·C 
Particle morphology 
Figs. 8.5 and 8.6 show SEM micrographs of maltodextrin powders from the SFD 
process using spray freezing temperature of -50·C and -50·C, respectively with a 
drying time of 2 h in the large VFBFD. Figs. 8.5a and 8.6a show an overview of 
spray dried powder and Figs.8.5b and 8.6b show a close up view of particles. It 
can be seen that the particles were highly porous and spherical shape. Some 
particles appear to be hollow which may be caused by bubble inclusion during 
the spray freezing step. Comparing the particles obtained at different spray 
freezing temperature, the porous structure of particles from spray freezing at -
60·C showed smaller pore size, than at -50·C, because the faster freezing rate 
produced smaller ice crystals, i.e. more nucleation. 
The particles produced from 20% coffee solutions are denser and have a less 
porous structure, as can be seen from Figs. 8.7-8.8, compared to the 
maltodextrin products shown in Figs. 8.5 and 8.6 . This may have been caused by 
incomplete drying, since the moisture contents of the coffee products were 
generally higher (see table 8.1) even though these particles were dried for the 
same time as the maltodextrin products . 
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Figure 8.5 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -50°C, drying for 2 h (RUN 2) 
Figure 8.6 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -60°C, drying for 2 h (RUN 3) 
Figure 8.7 FESEM micrographs of spray-freeze-dried coffee particles, spray 
freezing at -60°C, drying for 1.5 h (RUN 4) 
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Figure 8.8 FESEM micrographs of spray-freeze-dried coffee particles , spray 
freezing at -60°C, drying for 2 h (RUN 5) 
Volatile retention of spray-freeze-dried products 
Figure 8.9 shows volatile retentions for the six compounds from spray freeze 
dried maltodextrin at different spray freezing temperatures and drying times. It 
can be seen that there is a variability of retention between compounds and 
samples. The retentions varied from - 25% to nearly 100%. 
Volatile retentions of all selected compounds from Run 1 were considerably lower 
than from Run 2 and Run 3. This result showed that the drying process was not 
properly executed and a drying time of 1.5 h (Run 1) may not be enough to 
reduce the moisture content of sample, resulting in wet product (34.6%MC). The 
surface layer of particles with high moisture content allow volatiles to be easily 
diffused in accordance to selective diffusion theory (see Section 2.3.4) . 
Compared to a drying time of 2 h (Runs 2 and 3), the moisture content of product 
was decreased to about 10%, but not dried to commercial product standards 
(about 5%). A spray freezing temperature of -60°C seems to improve the 
retention in spray dried powder, compared to a freezing temperature of -50°C 
(Run 2 compared with Run 3). This may be caused by the effect of fast freezing 
of particles leading to reduced diffusivity of volatiles trapped in ice crystals . 
- 183 -
Chapter 8 Spray-freeze-drying Experiments 
Ea SF-SOC.dry 1.Sh, 34.6%UC • SF·SOC.dry 2h,10.6%MC • SF·6OC,dry 2h.10.S%rv1C 
100 
80 
c: 
0 60 :;: 
c: 
Gl 
-Gl a:: 40 
~ 0 
20 
0 
2 3 5 7 8 
Compound 
Figure 8.9 Volati le retention of selected compounds after spray-freeze-drying 
maltodextri n solution at different spray freezing temperature with the full cone 
spray nozzle (Runs 1-3 in order) 
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Figure 8.10 Volati le retention of selected compounds after spray-freeze-drying 
coffee solution at a spray freezing temperature of -60°C with the full cone spray 
nozzle (Runs 4-5 in order) 
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Figure 8.10 shows volatile retentions for the six compounds from spray freeze 
dried coffee for different drying times. The moisture contents of both products 
were about 15% despite these different drying times (1 .5 -2 h). This indicates the 
inconsistency of process operation or the product collection procedures. When 
collecting sample from the fluidised bed, the wet product had to be separated 
from dried materials. Therefore the moisture content of sampled product may not 
correspond to the real average moisture content. The volatile retention of 
particles from both runs showed a similar retention of about 20-80%, depending 
on the compound. Compounds 7 and 8 (2-Methylbutanal and 2,3- Pentanedione, 
respectively) showed a significant loss compared to other compounds. Compared 
to maltodextrin , the average volatile retention of maltodextrin was slightly better 
than that of coffee. 
The results from these experiments showed that improved volatile retention 
seemed to be obtained at lower spray freezing temperatures. Hence, the effect of 
spray freezing temperature will be investigated in next set of experiments. 
8.3.3 SFD using the hollow cone spray 
This section aims to improve the spray freezing process to obtain a more uniform 
frozen particle temperature. CFD work by Anandharamakrishnan (2007) showed 
that a hollow cone spray pattern produces a lower particle temperature than the 
full cone spray pattern. Another aim of this section is to study the effect of 
freezing temperature on volatile retention in the final product. Only maltodextrin 
solution was used in this experiment. The spray freezing operations at un-steady 
state and freeze drying using a large surface area fluidised bed were 
investigated. Volatile retention after the spray freezing step was assessed to 
gauge the individual losses from the spray freezing and freeze drying steps. 
Spray freezing study 
The maltodextrin solution was sprayed into the freezing gas different 
temperatures of -35·C, -40· C, -50·C or -60· C. 
Spray freeze drying study 
Frozen particles obtained from the different spray freezing temperature were 
transferred to dry in the VFBFD at -30· C. 
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Results and discussions 
Volatile retention of spray frozen products 
Figure 8.11 shows data for volatile retention following the spray freezing step. It 
can be seen from the different freezing temperature that almost all of the volatiles 
were retained in the frozen particles, except for compound 7 (2-Methylbutanal) 
which lost about 30-40%. The greater than 100% retentions found at -60°C must 
be due to experimental error. 
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Figure 8.11 Volatile retention of selected compounds after spray-freezing 
maltodextrin solution at different spray freezing temperature with 
the hollow cone spray nozzle 
These results are consistent with the earlier studies (see Fig .8.4) of losses during 
spraying under ambient conditions. Volatile loss during spraying could be 
attributed to external mass transfer from the droplets. Spray into a cold chamber 
reduces the driving force for mass transfer. Hence the results in Fig . 8.11 are 
comparable to those in Fig . 8.4 for spraying at ambient temperatures. 
Characteristics of spray-freeze-dried products 
The warming up rate, drying times, resulting moisture contents and mean particle 
size diameter, 0 (4,3) of spray freeze dried maltodextrin at different spray 
freezing temperatures are shown in Table 8.2. Measured mean particle size 
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diameters of particles obtained from the hollow cone spray nozzle are smaller 
than particles from the full cone spray nozzle. The range of particle size diameter 
of products was 172-230 Ilm. The moisture contents of products from this set of 
experiments were also lower at 7.3-14.6% MC. The warming up rate in each run 
was varied from 2.7°C/min to 4 .0°C/min by using an electric heater to warm the 
incoming nitrogen gas to -30 °C. The rate of warming up gas affected the 
physical characteristics of fluid ised particle. It can be observed during the 
experiment that a higher warming up rate lead to a reduction in fluidisation 
presumably due to the agglomeration of particles. 
Table 8.2 Properties of SFD maltodextrin obtained from hollow cone spray 
nozzle 
Process conditions 
Run Freezing 
Warming 
Drying %MC (wb) 0(4,3) (1J.I11) 
temp.(OC) up rate time (h) (OC/min) 
6 -35 3.96 2 7.3 204 
7 -40 3. 16 1.5 8.0 -* 
8 -40 3.59 2 8.7 177 
9 -50 2.72 1.5 11.8 172 
10 -60 3.47 1.75 14.6 230 
* Sample was not large enough for particle size measurement 
Particle morphology 
Figs. 8.12-8.15 show SEM micrographs of maltodextrin powders from the SFD 
process using spray freezing temperatures of -35°C, -40°C -50°C and -60°C, 
respectively. Figures (a) show an overview of particles and Figures (b) show a 
close up view of the powders. It can be seen that particles produced from the 
hollow cone spray nozzle were highly porous and spherical in shape, and similar 
to those obta ined from the full cone spray nozzle. These micrographs show the 
dense structure of particles with no bubbles occluded inside, but some 
micrographs (after spray freezing at -60°C) show a collapsed structure (see Fig. 
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8.15b). This might be the warming up gas caused the collapse before particle 
start drying. 
Figure 8.12 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -35·C, drying for 2 h (RUN 6) 
Figure 8.13 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -40·C, drying for 2 h (RUN 8) 
Figure 8.14 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -50·C, drying for 1.5 h (RUN 9) 
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Figure 8.15 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -60·C, drying for 1.75 h (RUN 10) 
Volatile retention of spray-freeze-dried products 
Figure 8.16 shows volatile retentions for the six compounds from spray freeze 
dried maltodextrin at different spray freezing temperatures and drying times. It 
can be seen that there is a variability of retention between the compounds and 
between the runs . 
• SF-35C,dry 2h. 7.3%WC • SF-4OC, dry 1.5h, B%MC 0 SF-4OC,dry 2h,8.7%MC 
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Figure 8.16 Volatile retention of selected compounds after spray-freeze-drying 
maltodextrin solution at different spray freezing temperature with hollow cone 
spray nozzle (Runs 6-10 in order) 
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The retentions varied from -30% to nearly 100%. This may be caused by 
inconsistency in the operating procedures (later this was rectified by operating 
close to steady state conditions-see Section 8.3.4) and the product collection 
method. As a result the moisture contents of products did not correspond clearly 
with the drying time. 
Observations made during these experiments showed that no fluidisation took 
place when the drying process going on. Nevertheless drying took place. A 
smaller size of fluidised bed was designed in order to increase the velocity of gas 
passing through the drying chamber. This will be investigated in the next section. 
8.3.4 Improved SFD process 
This section aims to improve the spray freeze drying process and to obtain better 
reproducibility by collecting the frozen particle at steady state spray freezing 
conditions and then drying using the new fluidised bed with reduced diameter of 
7.5 cm . Both maltodextrin and coffee materials were studied . 
Spray freezing study 
Solutions were sprayed into the freezing gas of temperature in the range -27"C to 
-59°C for maltodextrin and in the range -27"C to -60°C for coffee solutions. 
Spray freeze drying study 
Frozen particles obtained from the different spray freezing temperatures were 
transferred to dry in VFBFD, and freeze dried with an inlet gas temperature of 
-30°C for 2 h. Moisture contents of the dried products and volatile losses were 
measured. 
Results and discussions 
Volatile retention of spray frozen products 
Figs.8.17 and 8.18 show volatile retention for the six compounds in spray 
freezing product of maltodextrin and coffee, respectively. It can be seen for both 
materials that most volatiles were retained in the frozen particles except 
compound 7 (2-Methylbutanal), which showed a remarkable loss during the spray 
freezing step. This result was consistent with the study in Section 8.2.3. 
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Figure 8.17 Volatile retention of selected compounds after steady state spray 
freezing maltodextrin solution at different spray freezing 
temperatures with the hollow cone spray nozzle 
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Figure 8.18 Volatile retention of selected compounds after spray-freezing coffee 
solution at different steady state spray freezing temperature with the 
hollow cone spray nozzle 
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Characteristics of spray-freeze-drying products 
The warming up rate, drying times, resulting moisture contents and mean particle 
size diameter, 0 (4,3) of spray freeze dried maltodextrin and coffee at different 
spray freezing temperatures are shown in Table 8.3. Measured mean diameters 
of particles obtained from the hollow cone spray nozzle were smaller than from 
particles for the full cone spray nozzle. The range of mean particle diameters of 
the product was about 152-199 I-lm . The sizes of particles obtained from Run 11 
and 14 could not be measured, as the products were too sticky to use the laser 
diffractive method; Run 14 did not yield sufficient product for particle size 
analysis. The warming up rate was in the range of 1.0-2 .3°C/min that promoted 
the fluidisation of particles as observed during the experiment. The moisture 
content of products was between 7.2-26.3%. In these experiments fluidisation of 
particles was observed. Particles were also seen to collect at the top of the 
fluidisation vessel having been swept upwards by the fluidising gas. This 
presumably happened to particles that had dried. These particle, however, were 
in contact with the outlet gas which had picked up some humidity. 
Table 8.3 
Material 
Properties of SFD products obtained from hollow cone spray nozzle 
and dried for 2 h 
Process conditions 
o (4,3) 
Run %MC (wb) 
Freezing Warming up (!J.m) 
temp. (OC) rate (OC Imin) 
11 -27 1.23 26 .3 -
12 -27 1.28 7.2 178 
Maltodextrin 13 -33.5 2.28 14.2 -
14 -46.5 1.25 17.0 -
15 -59 0.95 11.4 178 
16 -27 1.28 10.8 199 
Coffee 17 -40 1.27 13.5 170 
18 -60 1.36 11.0 152 
- 192 -
Chapter 8 Spray-freeze-drying Experiments 
Particle morphology 
Figs. 8.19-8.21 show SEM micrographs of maltodextrin powders from the SFD 
process using spray freezing temperatures of -2rC , -33 .5°C and -59°C, 
respectively. Figs. 8.22-8.24 show SEM micrographs of coffee powders from SFD 
process using spray freezing temperatures of -2rC , -40°C and -60°C, 
respectively. Figs .(a) show an overview of particles and Figs.(b) show a close up 
view of powders. It can be seen that both materials had the same type of porous 
structure and spherical shape but different size distribution. Some particles show 
bubble occlusion during the spraying step. Micrographs of spray freeze dried 
coffee show some evidence of surface melting or collapse (Figs. 8.22-8.23) . 
Figure 8.19 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -2rC (RUN 12) 
Figure 8.20 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
pray freezing at -33SC (RUN 13) 
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Figure 8.21 FESEM micrographs of spray-freeze-dried maltodextrin particles, 
spray freezing at -59°C (RUN 15) 
Figure 8.22 FESEM micrographs of spray-freeze-dried coffee particles, spray 
freezing at -2r C (RUN 16) 
Figure 8.23 FESEM micrographs of spray-freeze-dried coffee particles, spray 
freezing at -40°C (RUN 17) 
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Figure 8.24 FESEM micrographs of spray-freeze-dried coffee particles, spray 
freezing at -60°C (RU N 18) 
Volatile retention of spray-freeze-dried products 
Figs 8.25 and 8.26 show volatile retentions for the six compounds from spray 
freeze dried maltodextrin and coffee , respectively, at different spray freezing 
temperatures. It can be seen that there is variability between compounds and 
process conditions. The average retention of maltodextrin is about 50% whereas 
of coffee is lower (i.e. about 40%). The volatile retentions of these spray freeze 
dried powders do not appear to be significantly affected by the spray freezing 
temperature. 
Compared to the previous study i.e. described in Section 8.3.2 and 8.3.3, the 
volatile retentions of these selected compounds (Runs 11-18) were noticeably 
lower than of those products (Run 1-10), even though better fluidisation was 
achieved. Compounds 1 and 2 (2-Methylpyrazine, 2-Furancarboxaldehyde, 
respectively) show considerably lower retention whereas compounds 7 and 8 (2-
Methylbutanal , 2,3-Pentaindione, respectively) show improved retentions. 
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Figure 8.25 Volatile retention of selected compounds after spray-freeze-drying 
maltodextrin solution at different spray freezing temperature with 
the hollow cone spray nozzle (Runs 11 -15 in order) 
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Figure 8.26 Volatile retention of selected compounds after spray-freeze-drying 
coffee solution at different steady state spray freezing temperature 
with the hollow cone spray nozzle (Runs 16-18 in order) 
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8.4 Calculation of water removal in the vacuum fluidised bed 
freeze dryer (VFBFO) 
Figure 8.27 presents the recorded temperature of gas entering the fluidised bed 
and the dew point measurements of the outlet gas (after passing through the 
fluidised bed) for maltodextrin, which had previous been spray frozen at -27"C 
(RUN 12). It can be seen from the graph that as the inlet gas temperature is 
increasing, the sublimation starts causing the dew point temperature of the outlet 
gas to increase. The drying process then proceeds: the dew point temperature 
initially increases to a maximum (the maximum drying rate) and then decreases 
to a constant value at which drying is complete. 
A calculation of the mass of water removal in VFBFD can be done by performing 
a mass balance over the drying chamber. It can be written as Eq.(8.1). This 
method was also proposed by Mumenthaler and Leuenberger (1991). The drying 
rate is 
where dm 
dt 
is the loss of moisture content per time unit 
Pr is the density of the drying gas at temperature T 
V is the volumetric flow rate of the drying gas 
(8.1 ) 
Yo - Y; is the difference in humidity content between the outlet and the inlet gas 
The volumetric flow rate is assumed to be 100 m3/h as this is the specification of 
the vacuum pump, ideally, this should be measured. The humidity of the outlet 
gas can be calculated from the dew point temperature and chamber pressure that 
was recorded during drying. The humidity of the inlet gas was assumed to be 
zero by the specification of pure nitrogen gas. The relationship between humidity 
and dew point temperature was expressed in Eqs.(8 .2) and (8.3) (ASAE 
Standards, 1998). 
InPv = 31.9602-(6270 .3605ITd )- 0.46057InTd (8.2) 
where Pv is the saturated water vapour pressure (Pa) 
Td is the dew point temperature (K) 
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y= (~) Pv 
28 Pbed - Pv 
(8 .3) 
Figure 8.28 shows the gas inlet temperature and humidity of the outlet gas which 
were calculated from Eqs.(8.1 )-(8.3). Numerical integration of the humidity curve 
area represents the water removal in drying process is shown in Table 8.4. 
Table 8.4 Calculation of water removal in VFBFD 
water Experimental Calculated water % RUN %MC 
in (9) water removal (9) removal (9) Error 
1 34.6 7.7 4.4 96 2102 
2 10.6 7.7 6.7 126 1792 
3 10.5 7.7 6.7 155 2224 
4 14.8 7.7 6.3 104 1561 
5 15.1 7.7 6.2 99 1489 
6 7.3 7.7 7.0 120 1619 
7 8.0 8.6 7.8 124 1494 
8 8.7 7.7 6.8 154 2151 
9 11.8 15.4 13 144 1000 
10 14.6 7.7 6.3 147 2241 
11 26.4 7.7 5.2 19 270 
12 7.2 7.7 7.0 21 195 
13 14.2 7.7 6.3 27 324 
14 17.0 7.7 6.1 32 429 
15 11.4 7.7 6.6 46 601 
16 10.8 7.7 6.6 28 319 
17 13.5 7.7 6.4 19 196 
18 11 7.7 6.6 20 201 
From these calculations, it can be seen that there is a big difference between the 
actual values and the estimated values of water removed . This error may be 
caused by the assumption based on the nominal volumetric capacity of the 
vacuum pump of 100 m3h-1. However, the practical capacity of the vacuum pump 
depended on the flow rate of drying nitrogen gas which in turn depends on the 
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temperature required in system . At the start of drying, the drying gas was cooled 
below -60°C, so additional nitrogen gas was fed to maintain the temperature. 
Whilst increasing the gas temperature to -30°C, the nitrogen gas flow rate was 
reduced to raise the temperature. Another possible cause for error was moisture 
contamination from the ambient air when loading sample to drying chamber, as 
sometimes can be seen the ice formation at the wall of chamber. 
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Figure 8.27 Inlet gas temperature and dew point temperature of outlet 
gas in vacuum fluidised bed of RUN 12 
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8.5 Comparison of effect of drying methods on volatile retention 
The process cond itions and resulting moisture contents of spray dried, 
conventional freeze dried and spray freeze dried maltodextrin and coffee are 
shown in Table 8.5. Selected products were chosen based on the best volati le 
retentions obtained for each drying methods. All products were prepared from the 
same feed concentration of 20% w/w solid content. Only products obtained from 
the spray drying method were dried to commercial moisture content levels, but 
these used the fastest drying time and the highest drying temperature. 
Conventional freeze drying used the longest drying time. 
Table 8.5 Process conditions and moisture content of product from spray 
drying, conventional freeze drying and spray freeze drying method 
Process conditions 
%MCof 
Material Drying method Drying 
temp.(ce) Drying time (h) product 
Spray drying 100· less than 1 minute 2.5 
Conv freeze drying 24 17.5 
Maltodextrin SFD (RUN 3) 2 10.5 
-30 
SFD (RUN 7) 1.5 8.0 
SFD (RUN 12) 2 7.2 
Spray drying 100· less than 1 minute 2.5 
Conv freeze drying 24 10.6 
Coffee 
SFD (RUN 4) -30 1.5 14.8 
SFD (RUN 16) 2 10.8 
• Outlet tem perature of drying gas 
Figures 8.29 and 8.30 show volatile retention for the six compounds from spray 
dried , conventional freeze dried and spray freeze dried maltodextrin and coffee, 
respectively. For maltodextrin , it can be seen that there is variability between 
compounds and drying methods. The average volati le retention of spray drying 
method shows the worst retention (about 25%) whilst the spray freeze drying 
method shows the best retention (up to 80%). It must be remembered however 
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that results are compared for feed solutions of 20% w/w which gave worse 
retentions than other feed compositions that were spray dried. 
For coffee, the average volatile retention shows similar results according to 
drying methods. The average percentage retention of spray dried coffee was 
higher than maltodextrin (about 35%), whilst retention of freeze dried and spray 
freeze dried coffee dropped to about 50% . 
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Figure 8_29 Volatile retention of selected compounds after spray drying, 
conventional freeze drying and spray freeze drying of maltodextrin 
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Figure 8.30 Volatile retention of selected compounds after spray drying, 
conventional freeze drying and spray freeze drying of coffee 
8.6 Conclusions 
The aim of this chapter was to produce powder products using the spray freeze 
drying technique in order to take advantage of drying at low temperature and 
shortened drying time by increasing drying surface area using small particles. 
The results showed it was possible to produce coffee and maltodextrin powders 
using this method despite the low collapse temperatures . 
In the beginning of the SFD study, inconsistent process results were obtained 
due to the difficulty of process control qualities of product. Therefore, the SFD 
process was improved by changing from a full cone spray nozzle to a hollow 
cone spray nozzle in order to obtain more uniformly frozen particles during the 
spray freezing step. Also, spray freezing at a steady state temperature showed 
better reproducibility of these operations. In addition , increasing drying gas 
velocity by reducing the fluidised bed area was useful to promote the flu idisation. 
The recorded dew point temperature during drying in the fluidised bed was used 
to estimate the humidity of the drying gas and calculate water removal during 
drying step. This was much greater than the initial water present in the sample. 
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This points to a need to properly measure the gas flow rate through the bed, but it 
may also be a consequence of ice deposition in the apparatus (outside the bed 
but inside the vacuum vessel) that occurs during sample loading. 
Spray freeze dried powders consist of very porous spherical particles with wide 
size distributions. Drying at -30°C for 2 h successfully reduced the product 
moisture content to below 10% (wb). 
The volatile retentions of spray freeze dried products were investigated and it 
was found that only small amounts of the volatiles were lost during the spray 
freezing step and mainly the loss was during the vacuum fluidised freeze drying 
step. However, the greater the degree of flUidisation, the higher the loss of 
volatile compounds. This is an unexpected result and may be because dry 
product is contacted with relatively wet gas. 
Comparison between three drying methods; spray drying, conventional freeze 
drying and spray freeze drying, showed that spray freeze drying is the best 
method to maintain volatile components during drying. 
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Chapter 9 Conclusions and Future Work 
9.1 Conclusions 
The main focus of this study is maintaining the aroma quality during the 
dehydration of food materials. Two materials have been investigated for volatile 
retention during drying processes. Coffee was chosen in this research as a model 
of an aroma beverage and maltodextrin was selected because of its simple 
composition (of glucose units) and for its use as a generic material for flavour 
encapsulation. A major aim of this research is to study the ability of the spray 
freeze drying process to retain volatile compounds in food products and to make 
a comparison with conventional processes such as spray drying and freeze 
drying, which are the commonly used for coffee production. Spray freeze drying 
experiments were performed and compared to the best performance of the spray 
drying experiments at the same feed concentration. 
The volatile retention results have been interpreted in terms of the difference 
between the temperature of a sample and its glass transition (T-Tg) as well as by 
its moisture content, which is also correlated to the principle of selective diffusion 
as outlined in the introduction (Chapter 1). 
Analysis of coffee volatile compounds 
To obtain quantitative information about the amount of volatile loss from coffee 
powders prepared by spray drying or spray freeze drying, the actual 
concentrations of the volatile component markers were determined using GC/MS 
analysis. 
Headspace solid phase microextraction (HS-SPME) coupled with the GC/MS 
technique were used to measure accurately the small amount of coffee volatile 
compounds present in product samples used. Six compounds, 2-Methylpyrazine, 
2-Furancarboxaldehyde, 2-Furanmethanol, 5-Methyl-2-furancarboxaldehyde, 2-
Methylbutanal and 2,3-Pentanedione were identified as the major volatiles in 
coffee and were used as the key components for the volatile retention study in 
this research. 
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The sampling steps involved equilibrating the sample solution in a water bath at a 
temperature of 25·C for 60 min, then HS-SPME extraction onto a 50/30 micron 
divinylbenzene carboxen on polymethylsiloxane StableFlex fibre 
(DVB/CARlPDMS 50/30 IJm) for 10 min, followed by thermal desorption in the 
GC/MS for 5 min. The linearity range of the individual volatile compound was 
determined for this technique by running a set of calibration experiments. 
Operation within the linear range of signal versus concentration is an important 
requirement in the quantitative determination of compounds from GC/MS 
technique. The sampling method using SPME involves two equilibration 
processes: (i) equilibrium between the coffee solution and the head space 
vapours and (H) equilibrium between the headspace composition and adsorbed 
species concentration on the surface of the SPME fibre. During the SPME 
sampling process, as the vapour concentration increases, the various species will 
compete for adsorption sites leading to non-linear isotherms and hence non-
linear calibration behaviour. To avoid competitive adsorption of compounds onto 
the fibre, a lower sampling condition temperature, a shortened sampling time and 
sufficient dilution of mixture are recommended to reduce the analyte amount on 
the fibre (Robert et al., 2000). Therefore, an equilibrated temperature of 25·C 
was used instead of 60·C to lower vapour concentration of volatiles and prevent 
water affecting the GC/MS result. A sampling time of 10 min was used; even 
though the system is not fully equilibrated, the amount of adsorbed analyte onto 
fibre will be proportional to the sample concentration in non-eqUilibrium conditions 
(Ai, 1997). 
Preconcentration processes 
It has been recognised that using a high feed concentration for producing dried 
powders make a better quality product than from dilute solutions, as well as being 
more energy efficient in the drying step. Concentration processes are used to 
increase the concentration of solutions to around 60% solid content (Bomben et 
al., 1973). As part of the research work, laboratory scale methods such as freeze 
concentration, preSSing and evaporative concentration were conducted to 
concentrate the coffee solution. Amongst these methods, the evaporative 
concentration technique was found to be the best way to concentrate coffee 
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solution to more than 20% solid content. However, the evaporation process is 
slow and only a small amount of concentrate could be produced from each batch. 
The evaporative concentration study also showed that the selected volatile 
compounds are more volatile than water, despite the fact that many of the pure 
volatile compounds have higher boiling pOints than water i.e. they form 
azeotropes. Therefore, the distillate is enriched with these markers and a bland 
(aroma-depleted) coffee concentrate is obtained. To improve the volatile retention 
in coffee concentrate, the first 10% of condensed distillate, which contained about 
40-60% of these volatiles compounds, could be collected and added back later to 
the. concentrate coffee. However, adding back this distillate would reduce the 
solid contents of the coffee to well below the concentration required (20%). 
Because of the limitations of these concentration processes, an alternative 
method to prepare 20-50% w/w coffee solution was developed by using coffee 
powder and synthetic markers. This was to ensure that the feed solutions 
contained the appropriate volatile components and the loss of volatiles was 
caused only by the spray drying process. 
Spray drying experiments 
Spray drying experiments were performed by using a wide range of both feed 
concentrations (20-50 % wlw) and outlet drying air temperatures (70-120·C). The 
physical properties and volatile retention of the six individual volatile compounds 
of coffee and maltodextrin spray dried powders were measured. The results 
showed that drying outlet temperature has the main effect on the physical 
properties such as the moisture content, bulk density and particle morphology of 
spray dried particles. Increasing the drying temperature reduced the moisture 
content and bulk density of the products. The SEM micrographs of coffee and 
maltodextrin particles showed a skin-forming morphology with a hollow spherical 
appearance. When the outlet temperature is increased the wall thickness seems 
to decrease and more breakage of particles was observed. Some particle 
deformation was also observed at high temperatures. The physical properties of 
spray dried powders were found to be almost independent of the feed 
concentration. 
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Altering feed concentration showed a strong effect on the retention of volatiles in 
coffee and maltodextrin powders. Volatile retention increased with higher feed 
concentration. The higher feed concentrations dry more rapidly to the moisture 
content where the selective diffusion starts. At lower water concentrations, the 
diffusivity of the volatile decreased sharper than that of water. Therefore, greater 
amounts of volatile retention are obtained (Rulkens and Thijssen, 1972a). 
The study showed that there is a definite effect of temperature on volatile 
retention. The drying of coffee at low feed concentrations showed that the better 
volatile retentions were obtained at higher temperatures. These results can be 
explained by the selective diffusion concept, by which at low feed concentration, 
the hotter drying air caused the droplets to dry quicker to the critical moisture 
content, where the diffusivities of the volatile compounds dropped more sharply 
than that of water. Therefore, water was removed faster than the volatile 
compounds. These volatiles were still retained in the droplets. However, the 
volatile retentions of maltodextrin were insensitive to drying temperature in the 
range of study. 
The concept of the glass transition temperature (Tg) was also applied to explain 
the retention of volatiles during spray drying. Water in food plays an important 
role as a plasticiser which acts to depress the glass transition temperature. In the 
rubbery state, the viscosity of a material is around 106_108 Pas. When the 
material changes to the glassy state the viscosity is increased to about 1012 Pas 
(Bhandari and Howes,1999; Roos, 2006). The diffusion of molecules in food 
systems has been related to viscosity and glass transition temperature (Roos, 
2002). During drying aroma foods, water is removed; hence, the Tg of material is 
increased and the state of material changes into the glassy state causing an 
increase of viscosity and a corresponding decrease in molecular mobility. 
Therefore, volatile compounds are retained. 
Phase diagrams of coffee and maltodextrin were constructed from data of glass 
transition temperature from DSC measurements and sorption isotherms at 25°C. 
The glass transition temperatures of maltodextrin were significantly higher than 
that of coffee at the same moisture content. When the estimated outlet particles 
temperatures of coffee and maltodextrin, calculated from the drying conditions 
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and sorption isotherm data, were plotted on their phase diagrams, it was 
observed that most of the coffee particles have outlet product temperatures 
below their Tg. However, the outlet particle temperatures of maltodextrin were 
further below their Tg, implying that maltodextrin particles material entered the 
glassy state more quickly than coffee material during drying, consequently having 
a better retention. 
Spray drying experiments also showed that high drying temperatures caused the 
production of 2-Methylbutanal in the spray dried coffee, which was shown by a 
greater than 100% retention. It was shown that 2-Methylbutanal was produced 
via the Strecker degradation reaction i.e. the reaction between oligosaccharide 
and the amino acid isoleucine. The formation of 2-Methylbutanal was only found 
in the spray drying of coffee, but it was absent in the case of maltodextrin. This 
can be explained by the fact that only coffee contains isoleucine and maltodextrin 
does not. 
The result of 2-Methylbutanal formation showed the importance of examining 
individual compounds during the volatile retention study rather than simply using 
an average of all the volatile compounds, since combining their effects together 
can obscure the actual amounts lost. 
Spray-freeze-drying-experiments 
The spray freeze drying process in this work involved spraying into a cold gas 
medium to freeze the droplets, followed by sublimation in a fluidised bed. The 
spray freeze drying rig at Loughborough University was used to investigate the 
variables that affect the quality of spray freeze dried products. However, this 
needed to be further improved to cope with materials of lower collapse 
temperature than previously tested. The pilot scale study aimed for an optimised 
process operation which would improve the reproducibility of results obtained 
from the spray freeze drying process. To achieve a desired temperature in the 
spray freezing step, a steady state method was operated, which involved cooling 
the chamber to -20K below the desired spray freezing temperature and allowing 
stabilisation to occur. Then the feed solution was sprayed and allowed to stand 
for approximately 3 minutes for the chamber temperature to rise and reach a 
steady state condition. A hollow cone spray nozzle has been shown to be 
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efficient in reducing agglomeration in the fluidised bed. The hollow cone spray 
nozzle gives a circular ring of droplets which gives a more uniform frozen particle 
temperature, when contacted with the cold gas, as compared to the full cone 
spray pattern. The higher temperature particles have been avoided due to the 
effect of agglomeration of the high temperature particles during the sublimation 
stage. In addition, a smaller area fluidised bed than previously used was adopted 
to increase the gas velocity (by reducing the cross section area of the bed), which 
leads to a more dynamic particle fluidisation. 
Spray-freeze-drying experiments showed the success of this process to produce 
coffee and maltodextrin powders with moisture contents below 10%. This was 
achieved by using a spray freezing temperature of -27·C to -60·C and a drying 
temperature of -30·C for 2 hours. The temperature of -30·C was used to dry of 
the frozen particles to avoid collapse in these materials. Coffee and maltodextrin 
(DE 17-20) have collapse temperatures around -25·C to -20·C, respectively. The 
microstructure of spray freeze dried products showed a highly porous structure 
and spherical shape, suggesting that these powders should have good 
rehydration properties. During rehydration, water should penetrate easily into the 
open porous structure, dissolving the thin walls of cells created by the sublimation 
of ice crystals. 
Spray freeze drying experiments have been performed to study the extent of 
volatile retention in the spray freezing step and the freeze drying step. The effect 
of spray freezing temperatures has been investigated. The results showed that 
the volatile retentions of spray freeze dried powders do not appear to be 
significantly affected by the spray freezing temperature as only small amounts of 
the volatiles were lost during the spray freezing step. The volatiles from the spray 
freeze dried product were mainly lost during the vacuum fluidised freeze drying 
step. However, the particles fluidisation caused a greater loss in volatile 
compounds compared to the case without particles fluidisation. The average 
volatile retention of maltodextrin was slightly better than that of coffee. This result 
may be due to differences in molecular mobility in the glassy state. At a drying 
temperature of -30·C both coffee and maltodextrin were in the glassy state. 
Maltodextrin had a significantly higher glass transition temperature at the same 
moisture content of coffee. Coffee, having a transition temperature of -25·C, was 
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only just in the glassy state, Le.(Tg-T) about 5°C below transition state. Since a 
material at a state far from its glass transition state is likely to have a higher 
viscosity than one close to its glass transition phase, maltodextrin might be 
expected to retain more volatiles (on the basis that diffusion coefficients are 
lower). 
Comparison of the effects of drying methods on volatile retention of products 
prepared from 20% w/w solid content was made between spray dried powders, 
conventional freeze dried products and spray freeze dried powders. Selected 
products were chosen based on the best volatile retentions obtained for each 
drying methods. The results showed that the spray freeze drying process was the 
better method to maintain aroma quality for this feed composition. However, 
spray freeze dried powders were not dried to commercial moisture content level 
(although the majority of volatile loss occurs in the early stages of drying where 
the food contains a significant amount of water). Selective diffusion theory was 
applied to explain the mechanism of volatile retention during the spray freeze 
drying process. In the spray freezing step, ice crystals are formed as pure phases 
surrounded by the residual solution. Therefore, the concentration of residual 
solution is increased leading to a decrease in the selective diffusivity between 
volatile and water. This phenomenon occurs in conventional freeze drying as 
well. Spray freeze drying process forms small frozen droplets, thereby the 
surface area exposed to drying air is larger than the sample produced from the 
conventional freeze drying. Larger drying surface area accelerates water 
removal, resulting in an earlier onset of the selective diffusion process. Even 
though the spray drying process has the shortest drying time, the use of very high 
temperatures causes severe loss of volatile. 
9.2 Main contributions of work 
The main contributions from this research are summarised as follows: 
1) The effects of spray drying conditions on the retention of coffee volatiles has 
been investigated systematically over a wide range of both feed 
concentration (20-50% w/w) and outlet drying temperature (70-120'C) for six 
individual volatile retentions for coffee, which are the main aroma 
compounds for coffee flavour. The retention results have been confirmed by 
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the effect of feed moisture which can be explained by the selective diffusion 
concept. However, the effect of temperature on volatile retention was not 
easily explained by Thijssen theory. The experimental results suggest that a 
high feed concentration and a low drying temperature are the best conditions 
to retain the volatile quality of spray dried products. As the feed 
concentration is increased, the diffusivity of water and volatile compound is 
decreased resulting in the onset of the selective diffusion. 
2) A method for the outlet spray dried particle state estimation has been 
developed by using the information of spray drying conditions, sorption 
isotherm and the glass transition temperature of materials. The glass 
transition temperature of maltodextrin was found to be significantly higher 
than that of coffee at the same moisture content. 
3) The correlation between the state of outlet spray dried particles and the 
volatile retention of spray dried powders has been established to interpret 
the effect of glass transition state on volatile retention of materials. 
4) Identification of Strecker degradation occurs during spray drying of coffee 
which is supported by the detection of 2-Methylbutanal for more than 100% 
retention for spray dried coffee. 
5) Production of spray freeze dried samples of materials with low collapse 
temperature (-20°C to -25°C) from a feed concentration of 20% w/w at a 
drying temperature of -30'C for 2 hours. 
6) Study of volatile retention of spray frozen products and spray freeze drying 
which has not been studied by previous researchers. During the spray 
freezing step, only small amounts of the volatiles were lost and the volatile 
retention of spray frozen particles was not affected by the variation of spray 
freezing temperature. About 50% of average volatiles were lost from the 
products during the vacuum fluidised freeze drying step. Comparing these 
results with the retentions obtained by spray drying and freeze drying 
processes, the spray freeze drying process showed the best way to retain 
aroma compounds at feed concentration of 20% w/w. 
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9.3 Recommendations for future work 
This thesis reported on the spray freeze drying experiments from which a number 
of research areas could be investigated for improving the spray freeze drying 
process further. 
1) I nvestigation of methods to optimise the temperature profile of drying gas 
based on real time data by the measurement of the gas flow rate of fluidised 
bed freeze drying to estimate water removal during drying by the method 
which was described in Section 8.4. In the current work, the gas flow rate 
was assumed to be constant. 
2) Investigation of the effect of bed height on drying performance. The result 
can be used to examine the implication of larger scale processing. The 
current work has been studied on the shallow bed from which a small 
amount of products was obtained. 
3) Investigation of the designs for nozzle to produce narrow drop size 
distributions; more uniform spray freezing and freezing behaviour are 
required to minimise problems associated with stickiness. 
4) Application of the spray freeze drying process on the production of 
pharmaceutical products and other potential commercial foods such as 
traditional herbal medicine in which aroma is an active ingredient. These 
would benefit from the low temperature and short processing time of spray 
freeze drying technique. 
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Appendix A Concentration of selected compounds during the evaporative distillation 
Table A 1 Concentration of selected compounds in distillate with a 15°C temperature condenser 
Fraction Concentration of compounds in distillate 
volume Cumulative Cumulative concentration in distillate (%) 
Batch of water (mg/kg) (ml) volume (ml) 
1 52 52 
2 54 106 
3 51 157 
4 53 210 
5 52 262 
6 53 315 
7 50 365 
8 342 707 
9 354 1061 
C1 = 2-Methylpyrazine 
C2 = 2-Furancarboxaldehyde 
C3= 2-Furanmethanol 
C5= 5-Methyl-2-furanmethanol 
distilled C1 C2 
0.03 123 185 
0.06 86.9 133 
0.09 85.4 127 
0.13 72.3 103 
0.16 54.4 78.0 
0.19 46.0 56.5 
0.22 45.9 54.8 
0.43 26.1 29.8 
0.64 8.26 8.96 
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C3 C5 C1 C2 C3 C5 
718 132 16.6 23.8 13.4 22.5 
577 92.5 28.7 40.9 24.2 38.3 
627 89.7 39.9 57.3 35.8 53.6 
586 78.9 49.8 70.6 46.8 67.1 
531 59.0 57.1 80.6 56. 7 77.1 
554 47.6 63.4 87.9 67.0 85.2 
605 49.0 69.4 95.0 78.3 93.6 
563 27.2 92.4 98.8 88.8 98.3 
602 10.2 100 100 100 100 
Appendices 
Table A2 Concentration and amounts of selected compounds in distillate with a 1°C temperature condenser 
volume Cumulative 
Batch (ml) volume (ml) 
1 52 52 
2 48 100 
3 52 152 
4 48 200 
5 50 250 
6 52 302 
7 52 354 
8 49 403 
9 52 455 
10 49 504 
11 340 844 
C1 = 2-Methylpyrazine 
C2 '" 2-Furancarboxaldehyde 
C3= 2-Furanmethanol 
C5= 5-Methyl-2-furanmethanol 
Fraction 
of water 
distilled 
0.03 
0.06 
0.09 
0.12 
0.15 
0.18 
0.21 
0.24 
0.27 
0.30 
0.50 
Concentration of compounds in distillate 
Cumulative concentration in distillate (%) (mg/kg) 
C1 C2 C3 C5 C1 C2 C3 C5 
114 161 612 117 16.9 18.7 6.4 15.6 
84.4 124 549 89.7 28.4 32.0 11.6 26.7 
73.2· 106 558 80.3 39.2 44.3 17.4 37.5 
55.0 80.3 496 62.9 46.7 52.9 22.1 45.2 
53.2 68.0 526 58.1 54.3 60.5 27.4 52.7 
48.3 60.2 561 52.3 61.4 67.4 33.2 59.7 
38.8 47.9 585 44.0 67.2 73.0 39.2 65.6 
38.5 45.1 598 44.7 72.5 77.9 45.1 71.2 
29.9 35.0 544 32.7 76.9 82.0 50.7 75.6 
26.2 28.2 532 29.1 80.6 85.1 55.9 79.2 
20.1 19.6 651 23.8 100 100 100 100 
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Conference proceeding papers (Refereed) 
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Coffee and Maltodextrin", Drying 2008, B, B.N.Thorat, University of Mumbai, 
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Conference poster presentations 
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